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Zusammenfassung
Das Thema dieser Dissertation sind molekulare Wechselwirkungen, untersucht am
Beispiel von parallelen Quantenpunkten, die sich in den einzelnen Fasern eines so-
genannten Seils von Kohlenstoff-Nanoro¨hren bilden. Auf dem Gebiet der moleku-
laren Elektronik bieten Kohlenstoff-Nanoro¨hren eine Vielfalt an makromolekularen
Strukturen und bei deren Kombination zu Seilen auch ein generisches System zur
Untersuchung von molekularen Wechselwirkungen.
Zu Anfang wird die Struktur des kontaktierten Seils mit spitzenversta¨rkter Ra-
man Spektroskopie (TERS) charakterisiert. Wir beobachten einen deutlichen Res-
onanzeffekt fu¨r den Raman Streuprozess, der bisher in der Literatur zu TERS an
Kohlenstoff-Nanoro¨hren nicht untersucht wurde. Durch Bestimmung des Durch-
messers, der Metallizita¨t und der Chiralita¨t werden sieben Nanoro¨hren innerhalb
des Seils identifiziert. Eine Rotverschiebung der optischen U¨bergangsenergien wird
den Wechselwirkungen zwischen den Fasern zugeschrieben.
In Quantentransport-Messungen stellt sich heraus, dass die Nanoro¨hren wech-
selwirkende, parallele Quantenpunkte bilden. Im Rahmen von master equations
wird ein Modell aus parallelen, kapazitiv- und tunnel-gekoppelten Quantenpunkten
entwickelt um den Transport durch das System zu beschreiben. Anhand ihrer Wech-
selwirkungen werden sieben parallele Quantenpunkte charakterisiert. Die meisten
davon sind asymmetrisch kontaktiert, einhergehend mit unterschiedlichen Kopp-
lungseigenschaften, die aus der TERS-Charakterisierung erwartet werden. Zusa¨tzlich
ist die Kopplung zur Gatter-Elektrode stark verschieden fu¨r einzelne Quantenpunkte.
Dies ermo¨glicht es verschiedene Konfigurationen des Systems gezielt anzufahren und
selektiv Elektronen zu bestimmten Fasern des Seils hinzuzufu¨gen. Diesen differen-
tiellen Gatter-Effekt nutzend kann die Sta¨rke der molekularen Wechselwirkungen
untersucht werden. Dabei sehen wir, dass einzelne Fasern innerhalb desselben Seils
a¨ußerst verschieden miteinander wechselwirken ko¨nnen. Unter den Quantenpunk-
ten, die eine sta¨rkere Wechselwirkung zeigen als bisher angenommen, finden wir
auch welche, die nur kapazitiv gekoppelt oder vollsta¨ndig ungekoppelt sind.
Die Tunnel-Kopplung ist eine Hybridisierung von Quantenpunkt-Zusta¨nden, die
prinzipiell aus den Moleku¨lorbitalen bestehen. Im Speziellen entha¨lt das Vorzeichen
der Hybridisierung Informationen u¨ber die beteiligten Wellenfunktionen. Dabei
findet sich in unserem Fall ein negatives Vorzeichen, was auf den U¨berlapp von
Wellenfunktionen mit gleichem Vorzeichen deutet. Die Hybridisierung kann durch
ein angelegtes Magnetfeld beeinflusst werden und in der Folge durch Spin-Effekte
auch selektiv unterdru¨ckt werden. In diesem Fall ermo¨glicht es der differentielle
Gatter-Effekt bestimmte Spin-Konfigurationen des Systems einzustellen.
Zusammenfassend wird ein Quanten-Bauteil vorgestellt, das die Mo¨glichkeit bie-
tet molekulare Wechselwirkungen mithilfe von Quantentransport-Spektroskopie zu
untersuchen. Die zusa¨tzliche Charakterisierung durch TERS stellt eine neuartige
Kombination aus zwei experimentellen Methoden mit großem Potential auf dem
Gebiet der molekularen Elektronik dar.
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Abstract
The subject of this thesis is molecular interactions which are investigated using
the example of parallel quantum dots formed in the individual strands of a car-
bon nanotube rope. For molecular electronics, carbon nanotubes offer a variety of
macromolecular structures and by combining several nanotubes into a rope, also a
generic system to probe molecular interactions.
First, the structure of the contacted rope is characterized by tip-enhanced Raman
spectroscopy (TERS). We observe a clear resonance effect for the Raman scattering
process, which is up to now not considered in the literature on TERS of carbon
nanotubes. By extracting the diameter, metallicity and chirality, seven carbon na-
notubes within the rope are identified. A redshift of their optical transition energies
is attributed to interactions between the strands.
In quantum transport measurements, the nanotubes are found to form interact-
ing parallel quantum dots. Within the framework of master equations, a model is
developed to describe the transport via the quantum dot system, where the paral-
lel dots are capacitively and tunnel coupled. Employing this model, seven parallel
quantum dots are characterized by their interactions. Along with changing interface
properties predicted by the TERS characterization, the coupling to the two contacts
is very asymmetric for most of the quantum dots. Additionally, the coupling to the
gate electrode is found to vary strongly for individual dots, allowing one to tune the
quantum dot system into different configurations and selectively add electrons to
individual strands of the rope. Exploiting this differential gating effect, the magni-
tude of the molecular interactions can be investigated. Here, we find that individual
strands within one carbon nanotube rope can interact very distinctly. Amongst the
coupled quantum dots with a coupling stronger than previously assumed, we also
find only capacitively interacting or completely uncoupled quantum dots within the
one device.
The tunnel coupling is a hybridization of quantum dot states which, in principle,
are comprised of the molecular orbitals. In particular, the sign of the hybridization
amplitude contains information about the involved wavefunctions, where we always
find a negative amplitude denoting the overlap of wavefunctions with the same
sign. The hybridization can be manipulated by an applied magnetic field and hence
selectively suppressed due to spin effects. Here, the differential gating allows for
tuning to distinct spin configurations of the quantum dot system.
In conclusion, we demonstrate a tunable quantum device which provides the
possibility of probing molecular interactions by quantum transport spectroscopy.
The additional characterization using TERS represents a novel combination of two
experimental techniques with great potential in the field of molecular electronics.
v
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1 Introduction
The emerging fields of molecular electronics and spintronics aim at exploiting the
chemical versatility of molecules to control charge and spin transport in nanoscale
devices [Nitzan03, Bogani08, Tao06]. Molecules can be tailored to have desired op-
tical, magnetic, electronic or electromechanical properties. Molecular electronics is
expected to yield a large variety of new devices and applications, extending the per-
formance that could possibly be achieved with conventional materials. Additionally,
their intrinsically small size is a major advantage for an application in information
technology, where the scalability of devices to nanometer sizes is a key issue.
Fabrication of molecular structures in junctions, especially single-molecule de-
vices, controlled by electric and magnetic fields, however, is a challenging task
[Park99, Ghosh05] and needs approaches different from the conventional fabrication
of semiconductor devices. One major issue is the pronounced sensitivity of molecular
structures to interactions with the environment influencing the transport properties.
Fundamental aspects of single-molecule devices require an understanding of strong
perturbations caused by environmental effects, such as the interaction with the sub-
strate, contacts or neighbouring molecules [Osorio07, Osorio10, Kaasbjerg08].
Carbon nanotubes can provide a useful link between well-studied low-temperature
transport in semiconductors and expected new phenomena in electronic devices
based on single molecules. Nanotubes can be considered as organic macromolecules
with versatile chemical properties. They form hollow cylinders composed of solely
carbon atoms arranged in a hexagonal lattice. They have been first synthesized and
imaged by Iijima [Iijima91], and found to exhibit outstanding mechanical and elec-
tronic properties. The bonds between the sp2-hybridized carbon atoms make the
nanotubes mechanically stronger than steel [Walters99]. At the same time, carbon
nanotubes are of very light weight. The excellent flexibility perpendicular to the tube
axis makes them interesting as nanoprobes in scanning probe microscopes [Dai96].
Owing to their quasi-one-dimensional nature, they exhibit very specific electronic be-
haviour due to the presence of van Hove singularities in the density of states, such as
ballistic electron transport [Kong01, Liang01]. Current densities supported by car-
bon nanotubes exceed values of copper [Yao00, Wei01], which makes them promising
as interconnects in electrical circuits [Talapatra06, Yokoyama07, Esconjauregui10].
1
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The properties of carbon nanotubes can be further tuned by adding new compo-
nents, which is done by chemical functionalization. For instance, the inner hollow
of carbon nanotubes can be filled with fullerene molecules resulting in so-called
peapods [Smith98, Sloan00]. Using metallofullerenes with a metal dopant inside
the fullerene cage is of fundamental interest for the possibility to investigate one-
dimensional spin chains [Benjamin06, Cantone08]. However, it is still not clearly
understood, how empty C60 fullerenes influence the transport properties of a car-
bon nanotube [Shimada02, Utko06, Quay07, Eliasen10], therefore requiring detailed
theoretical and experimental studies involving molecular interactions.
Similar to the delocalized π-electron system of carbon nanotubes, smaller mole-
cules of interest for electronic transport contain in many cases a π-conjugated part
[Tao06]. This similarity initiates the idea to fabricate molecular junctions involv-
ing carbon nanotubes as contacts to the molecules [Guo06, Guo07, Guo09]. Using
metallic nanotubes as contacts, one expects good conduction from the π-bonded net-
work of the nanotube to the π-bonded molecular orbital of the conjugated molecule
[Ke07].
In the context of all the mentioned complex assemblies of molecules in junctions,
nanotubes represent an ideal playground to investigate molecular interactions. Espe-
cially, carbon nanotubes bundled together in form of a rope represent a generic and
readily available system to study the interactions between molecules. The subject
of this work is the investigation of molecular interactions in a carbon nanotube rope
device. The presented results gain substantial importance by a joint interpretation
of data obtained by two independent measurement techniques.
Low-temperature transport experiments are sensitive to potential variations on
the sub-meV scale, allowing the study of interactions between coupled nanoscale
conductors. In this work, the carbon nanotubes in a rope are found to form parallel
quantum dots interacting by a capacitive and a tunneling coupling exhibiting very
different strength. The arbitrary combination of carbon nanotubes of various types
represents a very general molecular transport device and the conclusions drawn
here from the carbon nanotube example can readily be transferred to molecules of
any other kind. Spotlighting deviations from an expected behaviour in quantum
transport, this work reveals interactions in molecular systems, thereby contributing
to a more detailed understanding of the transport properties of complex multi-
molecular systems. The results may trigger a crucial awareness for the transport
features in future studies on functionalized carbon nanotubes and other molecules.
Considering complex molecular transport devices and the issues concerning their
assembly, an additional characterization of the devices becomes mandatory. For
the identification and structural characterization of molecules embedded in a trans-
port device, we use Raman spectroscopy – a powerful technique having at present
a strong impact on carbon nanotube research [Reich04, Dresselhaus05]. Optical
and electronic properties can be probed even at the single carbon nanotube level
[Meyer05, De´barre08, Fouquet09] and are sensitive to interactions between adja-
2
cent nanotubes in a rope as well as to environmental effects [Henrard99, Fantini04,
O’Connell04, Araujo08]. More precisely, we employ a more recently developed near-
field technique of Raman spectroscopy – tip-enhanced Raman spectroscopy (TERS)
[Hartschuh03, Hartschuh08, Canc¸ado09a], which is perfectly suitable for the char-
acterization of single-molecule junctions. It involves a Raman signal enhancement
at a metallic tip and provides a spatial resolution of down to several nanometers
[Anderson05].
The presented novel combination of tip-enhanced Raman spectroscopy and low-
temperature electronic transport measurements performed on the very same molec-
ular quantum dot device represents an ideal characterization concept for single-
molecule transport devices. It presents an important step to understand interactions
between molecules from the viewpoint of quantum transport while their molecular
origin is unambiguously determined by the additional characterization.
The outline of the thesis is as follows:
Chapter 2 introduces carbon nanotubes and explains their basic properties on
the basis of the physical properties of graphene. Special emphasis is laid on the
discussion of optical and vibrational properties that can be probed by Raman spec-
troscopy.
Chapter 3 continues the topic of Raman scattering by explaining the principles
of tip-enhanced Raman spectroscopy. In addition, it briefly explains the fabrication
process of carbon nanotube devices structured for low-temperature transport mea-
surements. The main part of the chapter presents experimental results obtained by
TERS on a contacted carbon nanotube rope. The thorough characterization of the
device includes a diameter evaluation, a chirality assignment and the monitoring of
structural changes along the rope. This information forms the basis for interpreting
the electronic transport through the device in later chapters.
In chapter 4, quantum transport will be explained starting from the basic con-
stant interaction model and carrying on with the characteristic features of carbon
nanotube quantum dots. Furthermore, a model of two interacting parallel quantum
dots is developed within the framework of master equation modeling. The manifes-
tations of the tunnel coupling and the capacitive coupling in the stability diagram of
the quantum dot system are investigated and discussed using transport calculations.
Chapter 5 introduces the electronic setup for low-temperature transport mea-
surements and improvements thereon which were accomplished within the frame-
work of this thesis.
3
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The subsequent chapter 6 presents quantum transport measurements on the
same carbon nanotube rope device which was characterized in chapter 3 by Raman
spectroscopy. The interactions between parallel quantum dots formed in the strands
of the rope are examined employing the model from chapter 4.
Chapter 7 is focused on the tunnel coupling, i. e., the electronic hybridization
between quantum dot states. The phase and the spin-dependence of the hybridiza-
tion is discussed.
The last chapter 8 summarizes the results of this thesis and gives an outlook
towards future experiments and possible interesting investigations.
The Appendix contains supplementary information on the device fabrication
process and the evaluation of Raman spectra.
4
2 Introduction to carbon
nanotubes
Carbon nanotubes are ideal one-dimensional conductors exhibiting ballistic trans-
port – a property inherited from graphene which is the basic atomic lattice from
which nanotubes are constructed. As such, they are perfectly suitable to be struc-
tured as quantum dots. Properties of carbon nanotube quantum dots are often
compared to those of semiconductor quantum dots and models developed for these
systems generally can be applied in a similar manner. On the other hand, carbon
nanotubes offer a large variety of molecular structures. In contrast to the buried
structures in III/V semiconductor quantum dots, nanotubes can interact with their
environment, which is a key issue in molecular electronics. Thus, carbon nanotubes
can be used to study molecular interactions and bridge the gap between semicon-
ductor and single molecule quantum dots.
In order to understand the molecular properties of carbon nanotubes, this chap-
ter gives an introduction to the basic properties of carbon nanotubes and how they
can be characterized by Raman spectroscopy. In the beginning, the atomic struc-
ture of nanotubes is derived starting from a graphene lattice. Doing so, a variety
of different families of carbon nanotubes can be defined, depending on the chirality
of a nanotube. Next, the electronic band structure of nanotubes is derived from
the graphene band structure and electrical transport phenomena occurring in nano-
tubes are discussed on the basis of this derivation. In the last section of the chapter,
we discuss the phonon band structure and introduce Raman scattering as a tool to
investigate the vibrational properties of carbon nanotubes. Therein, special empha-
sis is laid on the discussion of the diameter-dependent Raman modes, in order to
provide a solid basis for the interpretation of the experimental data in chapter 3.
2.1 Atomic structure
A carbon nanotube (CNT) can be thought of as a graphene sheet – a single graphitic
layer – being rolled up to form a tubular structure [Reich04]. The carbon atoms
in graphene are arranged in a hexagonal lattice, where each atom has three nearest
5
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Figure 2.1: Lattice structure of
graphene with unit vectors a1 and a2.
The armchair and zigzag line is in-
dicated. To obtain a carbon nano-
tube, the graphene sheet is rolled up,
so that the start and the end of the
chiral vector Ch meet. Ch and the
vector T pointing along the tube axis
define the unit cell of the nanotube,
in this case a (5, 2) nanotube.
zigzag
arm
ch
air
A
B
neighbours with an interatomic distance of aC−C = 1.421A˚. The sp2-hybridized
orbitals of the carbon atoms form σ-bonds, while the unhybridized pz-orbitals form
π-bonds with delocalized electrons, which are responsible for the unique electronic
properties of graphene as will be discussed later. The unit cell is spanned by the
unit vectors a1 and a2 and has a two-atomic basis. The C atoms are located on two
different triangular sublattices labelled A and B in Fig. 2.1. In order to result in a
seamless cylinder of a carbon nanotube, the graphene sheet has to be rolled up in
such a way, that the circumference can be represented by a vector Ch = na1 +ma2
called chiral vector, where the chiral indices n,m ≥ 0 are integers. The resulting
nanotubes are categorized in armchair, zigzag or chiral carbon nanotubes. The first
two categories are named after the armchair- or zigzag-like pattern of carbon atoms
along their chiral vector. To obtain an armchair nanotube, n = m has to be fulfilled,
while for a zigzag nanotube n = 0. The remaining combinations of indices n and
m lead to chiral nanotubes exhibiting no specific periodicity along the chiral vector,
but instead the arrangement of C atoms shape a spiral around the nanotube axis.
Besides the chiral indices, the tube diameter d and the chiral angle θ are char-
acteristic for a carbon nanotube. The diameter can be calculated from the chiral
vector
d =
| Ch|
π
=
a0
π
√
n2 + nm+m2, (2.1)
where a0 =
√
3aC−C is the length of the unit vectors. The chiral angle θ is defined
by the angle between Ch and the zigzag direction and is thus given by
θ = arccos
(
n+m/2√
n2 + nm+m2
)
. (2.2)
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(a) (b)
Figure 2.2: Transmission electron micrograph of (a) a multiwalled carbon nanotube
containing six shells [Spudat10] and (b) many carbon nanotubes bundling together to
form ropes, where they are not always perfectly aligned as indicated by the arrow. Scale
bars are 5 nm.
Depending on the chiral indices, carbon nanotubes exhibit distinct properties, which
will be discussed in the following sections. Many of these properties can be derived
from graphene due to the similarities in the atomic structure.
Carbon nanotubes as they are described above are called single-walled carbon
nanotubes (SWNTs), because they consist of only one graphitic cylinder. Several
coaxially aligned SWNTs enclosing each other form a multiwalled carbon nanotube
(see Fig. 2.2a). The individual walls are bound by van der Waals interactions and
exhibit an intershell spacing of ∼ 0.34 nm [Kiang98] comparable to the interlayer
distance of 0.344 nm in graphite. It is possible to synthesize carbon nanotubes with
many walls and the chiralities can be combined arbitrarily.
Several carbon nanotubes can also be axially aligned next to each other to form
ropes where the nanotubes bundle together due to intertube van der Waals in-
teractions. The amount of nanotubes in one rope can vary from two up to several
hundred. Within one rope, the nanotubes can form a hexagonal structure [Thess96].
However, in the view of a possible mechanical application, the van der Waals forces
between nanotubes in a rope were found to be weak and the tubes can easily slide
past each other [Salvetat99]. Because the ropes are composed of nanotubes of dif-
ferent diameters and chiralities, local distortions of the close-packed arrangement
are to be expected. Also, individual carbon nanotubes may be axially bent due to
defects in the atomic structure and the intertube forces can be too weak to stabilize
a uniform structure. Furthermore, nanotubes can also be missing in a rope, resulting
in vacancies in the hexagonal structure [Salvetat99].
With imaging techniques such as atomic force microscopy (AFM) or scanning
electron microscopy (SEM), a single-walled nanotube can hardly be distinguished
from a thin rope or a multiwalled carbon nanotube. Transmission electron mi-
7
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(a)
(b)
Figure 2.3: (a) Electronic band structure E(kx,ky) of graphene obtained by a tight-
binding approximation. π∗ is the conduction band and π the valence band. (b) Dirac
cone. Linear approximation of the band structure around the K point.
croscopy (TEM), however, can resolve the individual walls of nanotubes and also
distinguish between the nanotubes of a rope as shown in Fig. 2.2.
2.2 The electronic band structure
By a zone-folding approximation it is possible to deduce the electronic band structure
of carbon nanotubes from the band structure of graphene, which will be discussed
first. The graphene band structure shown in Fig. 2.3a is obtained by a tight-binding
approximation [Wallace47, Reich02a] taking into account nearest-neighbour interac-
tions, which leads to the dispersion relation for the conduction (E+) and the valence
(E−) band
E±(kx, ky) = ±γ0
√
1 + 4 cos
√
3kxa0
2
cos
kya0
2
+ 4 cos2
kya0
2
, (2.3)
where γ0 is the transfer integral between nearest-neighbour π orbitals with typical
values of 2.9 – 3.1 eV. The valence band π and the conduction band π∗ touch each
8
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other at six points, denoted by K and K’, at the corners of the Brillouin zone.
Consequently, graphene is a semimetal or zero-bandgap semiconductor with a Fermi
surface containing two inequivalent points1. Around these high-symmetry points K
and K’ in the Brillouin zone, the dispersion relation is quasilinear for energies close
to the Fermi energy (< 1 eV). Expanding Eq. 2.3 around K or K’ yields the linear
dispersion relation of graphene
E±(κ) = ±vFκ, (2.4)
where κ = k −K and vF is the Fermi velocity given by
vF =
√
3
γ0a0
2
, (2.5)
which has the value vF ≈ 1 · 106m/s. The band structure is then reduced to two
cones (see Fig. 2.3b), one at the K and one at the K’ point.
The linear dispersion relation is better described by the Dirac equation rather
than the usual Schro¨dinger equation [Geim07, Geim09]. The nonrelativistic Schro¨-
dinger equation
Hˆ =
pˆ2
2m∗
(2.6)
normally describes charge carriers in condensed matter physics with an effective
mass m∗ different from the free electron mass and is applicable to semiconductors,
which usually exhibit quadratic dispersion relations. In contrast, the Dirac equation
describes relativistic particles in the limit of zero rest mass
Hˆ = cσ · pˆ, (2.7)
where c is the speed of light, σ is the Pauli matrix and pˆ is the momentum operator.
The linear dispersion given by Eq. 2.4 is the solution to the following effective
Hamiltonian at the K or K’ point
Hˆ = vFσ · κˆ, (2.8)
which resembles the Dirac equation. This means, that the electrons in graphene
mimic particles with zero mass and effective ”speed of light” vF , which is the Fermi
velocity of graphene. In analogy to the spin matrices of the Dirac equation, σ is
called pseudospin matrix. Similar to the real spin that can be up or down, the
pseudospin is an index that indicates on which of the two graphene cones a particle
is located. Due to the similarities to Dirac fermions in the vicinity ofK andK’, these
points are also called Dirac points, and the conical sections of the energy spectrum
are called Dirac cones. The ballistic transport observed in graphene devices can
be understood by a suppressed backscattering mechanism due to its characteristic
band structure. A similar mechanism is responsible for ballistic transport in carbon
nanotubes and will be explained in section 2.2.2.
1One third of each of the six points contributes to the Fermi surface.
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2.2.1 The zone-folding approximation
Knowing about the band structure of the two-dimensional graphene, the band struc-
ture of carbon nanotubes can be obtained by considering the additional confinement
to one dimension. This is called the zone-folding approximation [Reich04]. Along
the nanotube axis, the system is considered extended and the wave vectors k‖ par-
allel to the tube axis can be assumed to be continuous. Perpendicular to the tube
axis, the system is confined and the wave vectors have to fulfill periodic boundary
conditions
Ch · k⊥ = 2πp (p ∈ N). (2.9)
This means, the k space is quantized into allowed states along k⊥ separated by |Δk⊥|
depending on | Ch| and therefore depending on the diameter:
|Δk⊥| = 2/d. (2.10)
The quantized k⊥ are sketched as lines within a contour plot of the graphene
band structure in Fig. 2.4a and b. The band structure of a particular nanotube as a
function of k‖ is sliced out of the graphene energy bands along each of these lines and
plotted in Fig. 2.4c and d. A nanotube is metallic if the allowed k⊥ values include
the K point, and semiconducting if the K point is excluded. The classification into
metallic or semiconducting nanotubes can be done with the family index ν. This
index is defined by ν = [(n−m) mod 3] and hence yields three different families of
nanotubes
ν =
⎧⎨
⎩
−1 semiconducting CNTs type I
0 (semi)metallic CNTs
+1 semiconducting CNTs type II.
(2.11)
The ν = 0 family includes all armchair nanotubes, which are truly metallic. The
valence and the conduction band touch each other at the Fermi level at two different
k‖ in an armchair band structure. All other nanotubes in the ν = 0 family contain
only one point where valence and conduction band are touching. Considering the
dispersion of a graphene sheet, this would make them metallic. However, curvature
effects due to the rolling of the graphene sheet play a crucial role in carbon nanotubes
[Reich02b] and in this case, the curvature leads to an opening of a small bandgap on
the order of several meV and makes the nanotubes semimetals, i. e. small-bandgap
semiconductors. The nanotubes belonging to the ν = ±1 families have a larger
bandgap which scales inversely with the tube diameter (Egap ∝ 1/d) and is on the
order of ∼ 1 eV [Misewich03].
2.2.2 Electronic transport properties
Another characteristic features of the electronic structure of carbon nanotubes caused
by their one-dimensionality are van Hove singularities in the density of states as plot-
ted in Fig. 2.5. These fingerprints of one-dimensional systems have been observed
10
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Figure 2.4: (a-b) Lines of allowed states perpendicular to the tube axis for a (7, 7)
armchair and a (8, 0) zigzag nanotube plotted on top of a contour plot of the graphene
band structure. Dark blue indicates energies close to the Fermi level, white indicates
energies far from the Fermi level. (c-d) Resulting nanotube band structure from the zone-
folding. The crossing of conduction and valence band for the (7, 7) indicates a metallic
nanotube. For the (8, 0) nanotube a bandgap of 1.4 eV is obtained. [Yang99]
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Figure 2.5: Density of states as function
of energy relative to the Fermi energy of
the (7, 7) nanotube. The energy between
the first and the second van Hove singular-
ities are labelled E11 and E22, respectively.
[Yang99]
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by scanning tunneling spectroscopy [Wildo¨er98] and were also probed by measur-
ing the quantum capacitance of a carbon nanotube to a gate electrode [Ilani06].
Conductance measurements of device geometries similar to the field-effect transistor
geometry with two leads and a gate electrode provide a direct means for identifying
members of the different families of nanotubes outlined above. The gate voltage de-
pendence of the nanotube conductance can be used to distinguish between metallic
and small or large bandgap semiconductors.
Individual semiconducting nanotubes behave as field-effect transistors and have
been reported to work with a high performance even at room temperature [Tans98b,
Martel98]. In metallic nanotubes, ballistic transport has been detected [Kong01,
Liang01], i. e. electrons travelling between two terminals without any scattering
event. In this transport regime, the Landauer-Bu¨ttiker formula describing the con-
ductance in quasi-one-dimensional systems predicts a conductance of G = 2e2/h for
one spin degenerate channel [Landauer57, Bu¨ttiker86]. In the case of nanotubes,
two subbands, i. e. two channels, are available near the Fermi energy and taking
spin degeneracy into account, the conductance of a nanotube is predicted to be
G = 4× e
2
h
=
1
6.5 kΩ
. (2.12)
A conductance less than the predicted value can arise from additional resistance due
to either the contacts or intrinsic impurities of the nanotubes. Metallic nanotubes
were found to approach this quantized conductance value even at room temperature
[Kong01, Liang01] and the mean free path for defect scattering in single-walled
nanotubes can be up to 4μm [Mann03]. If the contact resistances are low enough
and the transmission approaches unity, the fourfold degenerate bands can also be
observed in Fabry-Perot interferences at low temperatures [Kong01, Javey03]. In
the case of contacts with a low transmission to the nanotube, Coulomb blockade
effects govern the transport behaviour at low temperatures, which will be explained
in detail in chapter 4.
12
2.2. THE ELECTRONIC BAND STRUCTURE
3.0
2.5
2.0
1.5
1.0
0.5
tra
ns
iti
on
 e
ne
rg
y 
(e
V)
2.01.81.61.41.21.00.80.6
diameter (nm)
b=16
17
19
20
23
22
(7,0)
(8,1)
(10,0)
Figure 2.6: Optical transi-
tion energies as a function
of nanotube diameter
calculated within a non-
orthogonal tight-binding
model [Popov04]. Filled
circles denote (semi)metallic
nanotubes (ν = 0), open
circles denote semiconduct-
ing nanotubes. The latter
divide into two families
ν = −1 and ν = +1 plotted
red and blue, respectively.
Several branches are labelled
with the branch index b and
some transition energies
are labelled with the chiral
indices (n,m).
2.2.3 Optical transition energies
The electronic band structure of a nanotube can have many subbands, however an
incident photon can only lead to transitions between particular bands. Only light
which is polarized parallel to the tube axis can interact with the one-dimensional
nanotube, because of the antenna effect [Ajiki95]. On the other hand, the band
index can only be changed by light polarized perpendicular to the tube axis [Ajiki95,
Damnjanovic´99]. Therefore, optical transitions are expected only between subbands
with the same band index. The energy of an optical transition is labelled Eii, where
i is the index of the involved band and counting starts with the band closest to the
Fermi level. In the case of negligible exciton binding energies, this corresponds to
the energy between two van Hove singularities as plotted in Fig. 2.5.2
The transition energies Eii plotted as a function of the tube diameter form a
so-called Kataura plot as shown in Fig. 2.6. Each point in the plot represents the
transition energy of a particular nanotube. The data points for a specific band index
i are arranged together exhibiting a 1/d dependence and are separated for metallic
(EMii ) and semiconducting (E
S
ii) nanotubes. The metallic groups are made up from
nanotubes of the ν = 0 family and therefore also include semimetallic nanotubes.
Within one of these groups, ”V”-shaped branches are formed pointing towards both
2In fact, the exciton binding energy in carbon nanotube can be large (0.1 eV to 1 eV [Bachilo02]).
However, the principle of the band-to-band transitions as explained here stays valid also when
considering excitons [Thomsen07].
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sides of the group. For the semiconducting groups, a separation between the families
ν = +1 and ν = −1 can be seen. The energies of one family always point onto one
side of the 1/d dependence. Which one points upwards or downwards alters for
subsequent groups.
The nanotubes within one branch have the same branch index
b = 2n+m. (2.13)
For a given branch, the adjacent transition energies belong to nanotubes, whose
chiral indices relate as
(n2,m2) = (n1 − 1,m1 + 2). (2.14)
Here, the (n1,m1) are the chiral indices of the nanotube with smaller diameter, i. e.
on the left side of the (n2,m2) nanotube in the Kataura plot.
The transition energies plotted in Fig. 2.6 are calculated within a symmetry-
adapted non-orthogonal tight-binding model by Popov et al. [Popov04]. This model
includes curvature induced effects on the electronic band structure in contrast to
Kataura plots obtained by the zone-folding approximation of tight-binding mod-
els for graphene [Reich02a, Reich04, Thomsen07] and therefore provides a good
database of carbon nanotube transition energies. Excitonic effects and electron cor-
relations can be included by rigidly up-shifting the energies by 0.32 eV [Popov04,
Maultzsch05], which leads to a good agreement between calculations and experi-
mentally obtained transition energies.
Experimental Kataura plots are obtained by pattern recognition of the optical
transitions found by resonant Raman scattering on bulk samples containing many
different chiralities [Telg04]. However, the optical transitions are influenced by envi-
ronmental effects. The intertube van der Waals interactions that promote bundling
to carbon nanotube ropes [Girifalco00, Chen03], results in a significant perturba-
tion of the nanotube electronic structure. An additional red-shift of the transition
energies for bundled nanotubes has been found [O’Connell04, De´barre08, Michel09,
Fouquet09] and attributed to a mutual dielectric screening of the nanotubes within
a rope [Wang06]. The magnitude of the shift is under debate and ranges between 50
and 160meV. A screening by several walls within a multiwalled carbon nanotube is
also conceivable [Michel09].
Nevertheless, Kataura plots can be used to identify a particular carbon nanotube
with a given diameter, whose transition energy is obtained by resonant Raman scat-
tering or Rayleigh scattering [Fouquet09]. The reliability of this index identification
depends strongly on the experimental conditions and on the accuracy of the input
values: the tube diameter and the optical transition energy.
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Figure 2.7: Phonon band
structure of a (10, 10) and a
(5, 0) obtained by valence force
field modeling. (Taken from
[Telg09])
2.3 The phonon band structure – vibrational
properties and Raman scattering
The phonon band structure of carbon nanotubes can be obtained from valence force
field models [Saito98, Popov00] and yields mainly six phonon bands. Figure 2.7
shows the band structure for two particular nanotubes. In principle, it should be
possible to obtain a phonon band structure by the same zone-folding approximation,
as used for the electronic band structure (cf. section 2.2.1). However, the curva-
ture for carbon nanotubes is strongly influencing the phonon energies as compared
to graphene, so some basic characteristics cannot be explained by a zone-folded
band structure [Sauvajol02]. One tool to investigate a phonon spectrum of mole-
cules is Raman spectroscopy, which has been extensively used to characterize carbon
nanotube samples [Jorio03a, Dresselhaus05, Thomsen07]. Before we discuss the in-
dividual modes of the phonon band structure in Fig. 2.7, we give a brief introduction
to Raman spectroscopy.
2.3.1 Raman scattering
Light travelling through medium is scattered both elastically and inelastically. An
elastic scattering process leaves the energy of the photon unaffected and is called
Rayleigh scattering. On the other hand, Raman scattering [Raman28] describes
the inelastic scattering processes, where the photon energy ωi is changed by the
energy ωph of a generated phonon (Stokes process) or an annihilated phonon (anti-
Stokes process). Hence, the spectrum of light scattered by a sample contains three
components:
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(i) the Rayleigh peak having the same energy as the incident light due to elasti-
cally scattered photons: ωi
(ii) the Stokes spectrum at the low-energy side of the Rayleigh peak due to a
generated phonon: (ωi − ωph)
(iii) the anti-Stokes spectrum at the high-energy side of the Rayleigh peak due to
an annihilated phonon: (ωi + ωph)
Generally, both the Stokes and the anti-Stokes spectra contain information about
the phonon spectrum of the sample, yet, the Stokes spectrum is mostly used due to
the higher intensity.3
During the Raman scattering process, energy and momentum has to be con-
served. The maximum momentum that can be possibly transferred from a photon
to a phonon is 2ki in the case of backscattering. Probing with light in the visible
range, the resulting phonon momentum q is about three orders of magnitude smaller
than the extent of the Brillouin zone. Therefore, only phonons in the zone-center
(at the Γ point in Fig. 2.7) can be observed in Raman experiments.4
Having a closer look at the Raman scattering process, electron excitations are
involved in an intermediate state. Now three cases of Raman scattering can be
distinguished, which are sketched in Fig. 2.8. In the non-resonant case the energy
of the incoming photon is far away from an optical transition and the intermediate
state involves a ”virtual” electronic state. Two resonant cases are possible where
the intermediate state involves a real state: either the incoming photon energy
(ωi) matches an optical transition energy or the outgoing one (ωs). The resonant
processes result in a higher scattering efficiency and hence in an enhanced Raman
signal (by a factor of ∼ 103 [Dresselhaus05]), so that the non-resonant contributions
can be neglected. Matching the resonance condition allows for the observation of an
individual nanotube in a Raman setup [Meyer05, Fouquet09].
In resonant Raman spectroscopy of carbon nanotubes, the goal is to find the
resonance energy and correlate it with the optical transition energy for a particular
(n,m) nanotube in the Kataura plot. The resonance width depends on the phonon
mode involved in the scattering process. For modes with small energy, such as the
radial breathing mode, which will be discussed in the following, the resonance width
can be as small as 8meV [Jorio01b], while for the high energy mode the resonance
width is in the range of ∼ 250meV [Telg09].
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non-resonant incoming outgoing
Figure 2.8: Sketch of three
possible Stokes Raman pro-
cesses: a non-resonant Raman
process, a Raman process with
incoming resonance and one
with outgoing resonance. A
dashed (solid) line indicates a
virtual (real) electronic state.
ωi and ωs denote the energy
of the incoming and of the scat-
tered light, respectively. ωph is
the energy of the phonon.
2.3.2 A carbon nanotube Raman spectrum
From the six phonon branches in the phonon band structure of a carbon nanotube in
Fig. 2.7, the infrared-active phonon (IR) and the acoustic phonons are not expected
to be visible in Raman spectroscopy. Limited to first-order Raman processes, the
remaining three modes make up a carbon nanotube Raman spectrum. The two
phonon branches at high energies correspond to the Gmode in graphite [Tuinstra70].
In the case of the longitudinal optical (LO) phonon, the C atoms vibrate parallel to
the tube axis, whereas they vibrate perpendicular to the axis in case of the transverse
optical (TO) phonon. Due to their high energy, these modes are called high energy
modes (HEMs) or G− and G+ mode according to the G-mode in graphite. The
phonon at low energy corresponds to a coherent radial vibration of the C atoms, as
if the tube were breathing, giving rise to the name radial breathing mode (RBM).
Figure 2.9 shows a Raman spectrum of an ensemble of carbon nanotubes grown
by chemical vapour deposition (see section 3.2.1), where several RBM peaks and
two HEM peaks can be observed. The RBM frequency is strongly diameter de-
pendent, hence we can observe several nanotubes of different diameter within one
Raman spectrum, provided that the laser excitation energy fulfills the resonance
condition. In addition to the expected phonon frequencies, one mode is observed
at ∼ 1350 cm−1, which is correlated to a Raman process with two scattering events
involving phonons with a wave vector q = 0 [Thomsen00]. First-order Raman pro-
cesses only access phonons in the Brillouin zone center, but by involving two phonons
or one phonon together with one elastic scattering event, non-zone-center phonon
modes can be accessed. An elastic scattering event involves defects or disorder in
the crystal structure, hence the mode is called the defect-induced D-mode and can
3For the observation of an anti-Stokes process, the system has to be initially in an excited state,
which is less likely than starting with the system in the ground state, as it is the case for the Stokes
process.
4This is true, if only one-phonon processes are considered.
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Figure 2.9: Typical Raman spectrum of an ensemble of carbon nanotubes. Several radial
breathing modes are present at low Raman shifts. A defect-induced mode is observed at
∼ 1350 cm−1 and two high energy modes are found at ∼ 1600 cm−1. (Schematics of the
RBM and the HEM are adapted from [Telg09])
be used to characterize the quality of nanotubes, which is expressed in the D/G
ratio of the peaks’ intensities. Owing to the double resonance process, the D-mode
exhibits a linear upshift of the position with increasing excitation energy [Ku¨rti02].
In the following, the RBM and the HEM will be discussed in more detail, because
a carbon nanotube sample can be thoroughly characterized investigating these two
modes.
The radial breathing mode
The radial breathing mode can be modeled by a harmonic oscillation of a cylinder,
yielding that the eigenfrequency ωR ∝ 1/r is inversely proportional to the radius.
In fact, the proportionality constant contains only material constants and is in-
dependent of the chirality of the nanotube [Jishi93]. Hence, in the ideal case, the
RBM frequency is solely dependent on the diameter. However, environmental effects
were found to have strong impact on the phonon energy and an additional additive
parameter B is introduced to describe these effects:
ωR =
A
d
+ B. (2.15)
Depending on the sample conditions, i. e. the growth process (HiPCO, CVD, laser
ablation; see section 3.2.1 for nanotube growth) and the environment (free-standing,
in solution, on substrate, isolated vs bundled), different values for both parameters
are empirically determined. An overview of values found for A and B is given
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Figure 2.10: Radial breath-
ing mode frequency as function
of nanotube diameter accord-
ing to Eq. 2.15. Parameters
A and B obtained for carbon
nanotubes on Si/SiO2 [Jorio01a]
and for carbon nanotube ropes
[Bandow98] are used. The error
for diameters evaluated from two
different RBM frequencies is in-
dicated in blue.
in Tab. A.1 in Appendix A. Generally, these values are obtained by finding the
best fit for the RBM frequencies of an ensemble of nanotubes, whose diameters are
obtained independently, e. g. by electron diffraction [Meyer05] or using the Kataura
plot transition energies obtained by resonant Raman scattering [Araujo08]. Typical
values vary between 204 and 248 cm−1nm for A and between 0 and 27 cm−1 for B,
respectively.
The majority of Raman experiments are performed on ensembles of isolated
carbon nanotubes grown by the high-pressure CO method (HiPCO) [Bachilo02,
Fantini04, Telg04, Jorio05]. HiPCO nanotubes are believed to be mainly single-
walled and grow in thick ropes. For Raman experiments, they are isolated by ultra-
sonication in aqueous suspension and wrapped with a surfactant to prevent them
from rebundling. This heavy treatment may change the nanotubes’ phonon ener-
gies substantially in comparison to as-grown carbon nanotubes, both on substrate
[Jorio01a] and freestanding [Meyer05].
The difference in sample conditions hampers a correlation of Raman spectroscopy
and transport experiments. When Raman spectroscopy is used for an additional
characterization of transport devices, a careful analysis of the Raman spectra has
to consider this aspect. Figure 2.10 plots the RBM frequency as a function of the
nanotube diameter taking different values for parameters A and B. For details on
sample conditions and parameters for various publications that predict frequencies
in between the two plotted examples, see Tab. A.1 in Appendix A. Depending
on the parameters, a nanotube diameter evaluated solely from an RBM peak can
exhibit an error between 0.07 nm and 0.23 nm as indicated in Fig. 2.10. For a carbon
nanotube containing more than two walls, we have found strong deviations from the
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frequencies of corresponding single-walled nanotubes. These can be ascribed to van
der Waals interactions between the shells of the multiwalled nanotube [Spudat10].
Assigning chiral indices to individual carbon nanotubes using the Kataura plot
with diameters obtained solely from the RBM frequency, the issues mentioned above
have to be considered in order to avoid a wrong assignment. Therefore, the aim
should be to gain a picture as complete as possible from the Raman spectrum of a
nanotube, e. g. by additionally investigating the HEM, which will be explained in
the following.
The high energy mode
Although the high energy mode in carbon nanotubes is split into two features in
contrast to the graphitic G mode in graphene, the origin is similar. The modes are
associated with a vibration of the two different C atoms on the graphene lattice
(see Fig. 2.1) against each other. Due to the curvature of carbon nanotubes, the
vibration along the tube axis – the longitudinal optical (LO) phonon – has different
energy than the one along the circumference – the transverse optical (TO) phonon.
In a nanotube Raman spectrum, the lower energy peak around 1510− 1570 cm−1 is
referred to as the G− peak, and the higher energy peak around 1570− 1600 cm−1 is
labelled G+. The assignment of the peaks to LO and TO phonons together with the
origin of their distinct peak linewidth has been controversly discussed in literature
[Kempa02, Dubay02, Jorio02a, Oron-Carl05, Telg05, Lazzeri06, Piscanec07, Wu07,
Fouquet09]. Two typical spectra observed for a metallic and a semiconducting nano-
tube are shown in Fig. 2.11 [Michel09]. The metallic nanotubes exhibit a noticeably
broad lineshape of the G− mode.
Phonon-plasmon interactions were proposed as the origin of the broad and asym-
metric G− lineshape of metallic nanotubes in several reports [Brown01, Kempa02,
Bose05] and the peak was attributed to the TO phonon as the phonon band structure
suggests. This explanation also involves an increasing linewidth with the thickness of
a nanotube bundle [Kempa02]. However, frequencies proposed by the theory do not
match experimentally observed G− frequencies and moreover, the calculations can-
not explain the broadening of the peak observed for isolated, freestanding nanotubes
[Michel09]. These latter Raman measurements and a recent combination of Rayleigh
scattering with Raman resonance profiles of the RBM and the HEM [Fouquet09]
resolve the debate about the downshift and broadening of metallic G− peaks by un-
ambiguously attributing it to a strong electron-phonon coupling in accordance with
density functional theory (DFT) calculations [Piscanec07, Lazzeri06, Dubay02].
According to the calculations of Piscanec et al., the two HEM peaks are as-
cribed to the TO or the LO phonon depending on the metallicity of the nanotube
[Piscanec07], sketched in Fig. 2.11. In the case of semiconducting nanotubes, the G−
peak is assigned to the TO phonon and the G+ peak to the LO phonon, whereas in
the case of metallic nanotubes this assignment is opposite: the G− peak originates
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Figure 2.11: High energy modes
of a semiconducting (11, 10) and
a metallic (15, 6) nanotube with
a narrow and a broad G− peak,
respectively. Spectra are adapted
from [Michel09]. The peaks
are allocated to TO and LO
phonons according to the theory
in [Piscanec07]. The sketched vi-
brations do not consider the par-
ticular atomic structure of the na-
notubes measured.
from the LO phonon, while the G+ peak originates from the TO phonon. In both
cases, the G− peaks exhibit a strong decrease of frequency with decreasing tube di-
ameter, as plotted in Fig. 2.12. Also the G+ peak is predicted to reasonably depend
on the diameter.
The assignment of the peaks can be understood as follows. Theory predicts
a strong coupling between the LO phonon and electronic excitations in metallic
nanotubes, which leads to a substantial softening of the LO phonon, causing its
frequency to drop below the frequency of the TO phonon [Piscanec07, Lazzeri06,
Dubay02]. An additional effect is a broadening of the Raman line, which can then
be used as a fingerprint to distinguish the Raman signal of metallic nanotubes from
semiconducting ones.
Typical linewidths for semiconducting G− peaks are σ ∼ 10 cm−1 while for metal-
lic nanotubes the G− peak exhibits linewidths of σ ∼ 60 cm−1 [Oron-Carl05]. How-
ever, it has been shown that the peak width for metallic nanotubes can vary sig-
nificantly as a function of the chiral structure due to a variable electron-phonon
coupling [Wu07]. According to these results, (n, 0) nanotubes exhibit the broadest
G−, and the broadening decreases for nanotubes with increasing chiral angle until
it is minimal for (n, n) nanotubes. Therefore, a broadened G− peak is a sufficient
but not a necessary signature to identify a metallic nanotube.
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Figure 2.12: Diameter
dependence of the G+
and the G− frequency for
metallic and semiconduct-
ing nanotubes. Shaded ar-
eas are a guide to the eye
to mark G+ and G−. Cal-
culations for the LO and
the TO phonon frequen-
cies are from [Piscanec07]
and [Dubay02]. [Jorio03b]
is a best fit ωG ∝ 1/d1.4
for a large set of experi-
mental data points. All
other data points are mea-
sured frequencies of partic-
ular nanotubes.
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Figure 2.12 gives an overview of experimentally observed HEM frequencies, that
were assigned to specific nanotubes and relates these results to calculations by
Dubay et al. and Piscanec et al., both considering an electron-phonon coupling
[Dubay02, Piscanec07]. The experiments compare very different kinds of nano-
tubes. Jorio et al. [Jorio03b] found a best fit for a large data set of G− frequen-
cies observed on isolated, semiconducting nanotubes grown by the CVD method
on Si/SiO2 substrate (ω
G = 1592cm−1 − 41.4cm−1nm1.4/d1.4t ). Paillet et al. and
Michel et al. performed measurements on spatially isolated, freestanding nano-
tubes (CVD grown) [Paillet06, Michel09]. Telg et al. provides data on individual
HiPCO-produced nanotubes wrapped in sodium dodecyl sulfate (SDS) in solution
[Telg05, Telg09] and Fouquet et al. presented data on a small bundle of suspended
CVD carbon nanotubes [Fouquet09]. Especially for the semiconducting nanotubes,
the experimental observations for G− compare favourably with the predictions by
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Piscanec et al..5 From few experiments observing the metallic LO phonon, it seems
that data from freestanding nanotubes agrees well with the predictions of the same
theory [Michel09, Fouquet09]. The theoretically overestimated phonon softening
in the case of Telg et al. can be explained by a doping of the nanotube by the
surfactant, which weakens the electron-phonon coupling [Telg05, Telg09].
Concluding this brief summary of literature, Piscanec et al. provide calculations
explaining the HEM frequency for different kinds of nanotubes and therefore also
a way to determine the diameter of a nanotube of known metallicity by the fre-
quency of its G− peak with a reasonable reliability. The G+ peak is not suitable
for a diameter determination, because experimentally it is found to be essentially
diameter independent [Jorio02b, Paillet06], while calculations predict a reasonable
dependence. In evaluating the diameter and assigning a chiral index to a nanotube
via its Raman spectrum, it is important to interpret the HEM features with the
view on a consistent picture of the whole Raman spectrum, i. e. including the RBM
frequency and the optical transition energy.
2.4 Conclusions
This chapter explained the fundamental characteristics of carbon nanotubes on the
basis of the atomic and electronic structure of graphene. The electrical and optical
properties, e. g. the metallicity and optical transition energies, can vary strongly
depending on the chirality of the nanotubes, providing a variety of macromolecules.
Multiwalled nanotubes or a carbon nanotube rope, where different nanotubes may
be combined arbitrarily, offer a generic system to probe molecular interactions.
Raman spectroscopy was introduced as a technique capable of identifying phonon
modes and the chirality of nanotubes. Furthermore, it was shown to be sensitive
to interactions between nanotubes in ropes and multiwalled tubes, as well as to
environmental effects such as substrate conditions or doping. Optical transition
energies, phonon energies and peak linewidths of the Raman spectra can be used to
detect and characterize molecular interactions of nanotubes.
5[Piscanec07] includes dynamic effects in the DFT calculations, in contrast to [Dubay02].
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3 Tip-enhanced Raman spectros-
copy on a contacted carbon
nanotube rope
In molecular electronics, the interpretation of experimental results relies mainly on
imaging techniques such as atomic force or scanning electron microscopy (AFM or
SEM, respectively) as the only additional characterization. This can easily lead to
a misinterpretation, even considering the comparatively rather well-studied carbon
nanotubes. The previous chapter explained, how strongly carbon nanotube proper-
ties can vary with the chirality, which cannot be detected by means of the mentioned
imaging techniques. Also, a small bundle of two or three nanotubes cannot be dis-
tinguished from an isolated nanotube on the basis of AFM or SEM imaging only.
Furthermore, carbon nanotubes are often assumed to be single-walled relying solely
on a statistical characterization of bulk material, whereas the particular nanotube
embedded in an electronic device may be of a different kind.
Especially when it comes to functionalized carbon nanotubes, an additional char-
acterization becomes mandatory, because functionalization is usually a statistical
process. A functionalization of nanotubes by attaching nanoparticles to the nano-
tube side walls might still be imaged by AFM scanning [Bogani10]1, in contrast to
a functionalization by filling the inner hollow of carbon nanotubes as it is done for
peapods, which are nanotubes filled with fullerene molecules [Smith98]. For the lat-
ter example, quantum transport measurements reported in [Quay07] and [Eliasen10]
exhibit features similar to the observations made in this work for a rope. However,
the reported samples are claimed to be peapod devices on a statistical basis without
any additional characterization of the specific device and thus their interpretation
omits the possibility of a carbon nanotube rope as the origin.
Raman spectroscopy probes the vibrational spectrum of a sample and thus re-
flects its molecular structure. For example, the spectrum of carbon nanotubes al-
lows for determining the diameter, chiral index and electronic structure as discussed
in the previous chapter. Their vibrational properties change with functionaliza-
1However, no information about the chemical bonding can be gained.
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tion and also the functionalizing groups may be detected in the Raman spectra
[Fantini07, Souza03, Pichler01, Zou07]. These features make Raman spectroscopy
suitable as an additional characterization technique of nanoscaled transport devices.
To further enhance the technique sensitivity and to overcome the diffraction
limit of light, near-field techniques of optical microscopy can be merged with Raman
spectroscopy. One of these techniques, tip-enhanced Raman spectroscopy (TERS),
evolved into a powerful experimental tool for probing nanoscaled samples because
of a spatial resolution down to 10 nm and an enormous signal enhancement of the
order of ∼ 107 [Hartschuh03, Hartschuh08]. Recently, TERS was reported being
able to probe even localized defects in carbon nanotubes [Georgi10]. In contrast
to resonant Raman scattering experiments, TERS is, up to now, mostly performed
employing only one excitation energy, because a resonance effect is considered to be
less pronounced.
This chapter demonstrates the potential of TERS as additional characterization
method for molecular electronic devices by presenting results on the TERS char-
acterization of a contacted carbon nanotube rope in a three-terminal setup, which
is suitable for quantum transport measurements. More precisely, we use TERS to
ensure a correct correlation of Raman and transport data (shown in chapter 6 and
chapter 7) by exploiting the local character of this technique. Furthermore, by em-
ploying different excitation energies and evaluating the diameter dependent Raman
modes, which were introduced in the previous chapter, we can extract not only the
diameter and the metallicity of the nanotubes in the rope, but also perform a chiral
index assignment with a small group of possible chiralities. The information gained
from this characterization method is far beyond what can possibly be achieved by
the imaging techniques mentioned above.
The chapter begins with an introduction to the principles of TERS and the setup
employed for the measurements. After a section covering the device fabrication,
which involves the growth of carbon nanotubes and electron beam lithography for
patterning, section 3.3 presents the results of the tip-enhanced Raman experiments.
3.1 Tip-enhanced Raman spectroscopy (TERS)
3.1.1 The principles of TERS
As discussed in section 2.3, Raman spectroscopy is a powerful tool to characterize
nanotubes via their vibrational modes. For nanoscaled devices with individual na-
notubes, it is desirable to have a higher spatial resolution than what is offered by
the usual confocal Raman setup. In a confocal setup, the incident laser beam is
focused onto the sample by an objective lens and only reflected light which is in
focus is collected into a spectrometer by blocking out-of-focus light with a pinhole.
The resulting probe area of such a setup is ∼ 1μm.
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Figure 3.1: Schematic of
the TERS setup. The Au
coated AFM tip is posi-
tioned at the region of in-
terest on the sample. The
laser illuminates the tip and
the sample from the side.
The reflected light travels
through a monochromator
and is detected by a CCD
camera.
In contrast, near-field optical microscopy achieves a high spatial resolution by
means of interactions between a pointed probe and the electromagnetic near-field
of the sample [Hartschuh08]. The enhanced electromagnetic fields are localized at
the apex of the pointed probe [Notingher05, Canc¸ado09a]. The enhancement at a
metal structure contains three contributions:
(i) The electrostatic lightning-rod effect caused by geometric singularities leads
to localized surface-charge densities enhancing the electromagnetic field in the
vicinity of a pointed metal object.
(ii) Surface plasmon resonances of metal particles enhance the field, depending on
the particle shape and dielectric properties.
(iii) Antenna resonances become relevant when the length of the metal structure
matches multiples of half of the wavelength of the laser light.
Basically, there are two ways of enhancing the Raman signal by near-field optics.
One technique is called surface-enhanced Raman scattering (SERS) and involves
arranging metal particles on the surface in the close vicinity of the area under
investigation [Nie97, Kneipp00]. A more flexible technique is tip-enhanced Raman
scattering (TERS) [Hartschuh03, Hartschuh08, Canc¸ado09a], where a metal tip can
be scanned over the sample surface and brought close to the region of interest. The
experimentally determined signal enhancement is based on the Raman scattering
signal in the presence and absence of the tip and can reach factors of ∼ 107 [Roth06].
A spatial resolution of about 10 nm has been reported for TERS [Anderson05].
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Figure 3.2: Schematic drawing of a car-
bon nanotube three-terminal device with
source and drain contact and a gate elec-
trode. gate electrode
gate oxide
source drain
CNT
3.1.2 Experimental setup
For the Raman measurements in this work, a tip-enhanced Raman spectroscopy
(TERS) setup at the Technische Universita¨t Berlin in the group of J. Maultzsch
is used. It is a commercially available combination of an XE-100 (Park Systems)
atomic force microscope with a LabRam HR-800 spectrometer (Horiba-Jobin-Yvon).
The Si3N4 AFM tips are purchased from Veeco with a gold coating of 60 nm. For
a reduced Au roughness and to avoid the Si3N4 vibrational signature in the final
spectrum, they are additionally coated with 20 nm Au by thermal evaporation in
a vacuum chamber [Peica10]. In contact mode, the tip can be positioned on the
sample with a lateral resolution of ∼ 50-70 nm limited by the tip quality, i. e. its
sharpness, and is kept at a distance of ∼1 nm above the surface. The incident
laser passes through a microscope objective, which is mounted at 60◦ to the surface
normal, hence illuminating the AFM tip and the sample from the side, as sketched
in Fig. 3.1. Spectra are taken in backscattering geometry and recorded with a
Peltier-cooled CCD camera. The spectral resolution is 2 cm−1. Two different laser
energies are available for excitation: 2.33 eV from a double-frequency Nd:YAG laser
(532.2 nm) and 1.96 eV from a He-Ne laser (632.8 nm). Total near-field enhancement
factors of 103 − 104 for Raman spectra of carbon nanotubes have been previously
found for this setup [Peica10]. The signal enhancement depends on the shape and
the material of the tip and the substrate [Hartschuh08] and provides possibilities for
improvements on this new TERS setup.
3.2 Device fabrication
Carbon nanotubes can be contacted by metal electrodes to form three-terminal
devices in a field-effect transistor geometry. Two metal electrodes – source and
drain – are lithographically patterned to contact a nanotube lying on a substrate
consisting of an insulating gate oxide on the top and a back gate electrode on the
bottom as sketched in Fig. 3.2. In addition to the source and drain contacts, complex
gate structures may be patterned. This section describes the fabrication of carbon
nanotube devices starting with the nanotube growth. Subsequently, the lithography
process is explained, which was established within this work.
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3.2.1 Carbon nanotube growth
Carbon nanotubes can be synthesized by various methods, with the following three
being the most prominent in literature: carbon arc discharge [Ebbesen92, Bethune93],
pulsed-laser vaporization (laser ablation) [Thess96] and chemical vapor deposition
(CVD). The first two methods involve the evaporation of solid carbon and allow the
synthesis of large amounts of nanotubes resulting in powdered samples, where the na-
notubes are bundled together. Similar results are obtained by the high-pressure CO
(HiPCO) decomposition process, which is a subspecies in the group of CVD meth-
ods in which CO gas is used as carbon source instead of graphite [Bronikowski01].
For Raman spectroscopy, mainly bulk carbon nanotube samples produced by the
HiPCOmethod are used. An isolation of individual carbon nanotubes from the ropes
can be achieved by ultrasonication in solution, which also shortens the nanotubes
drastically. Wrapping the isolated nanotubes subsequently with a surfactant, e. g.
sodium dodecyl sulfate (SDS), prevents them from rebundling. Since the phonon
modes probed by Raman spectroscopy can be strongly dependent on the environ-
ment of the nanotube, this treatment can substantially change the observations in
comparison to isolated as-grown nanotubes on substrate or suspended.
For nanoscale transport devices with individual carbon nanotubes, the CVD
method is favourable, because it can provide high-quality single-walled nanotubes
growing well-separated from spatially defined positions with a length of several
tens of micrometers. The various CVD methods differ by the carbon precursor
(methane, CO, alcohol) and the catalyst (mainly transition metals: Ni, Fe, Mo, Co)
[Moisala03]. In this work, the growth of carbon nanotubes follows a route estab-
lished by Kong et al., where bimetallic (Fe/Mo) catalytic islands are patterned by
means of electron beam lithography on silicon substrates and methane is used as
the feed gas during the CVD-growth process [Kong98].
The catalyst solution is produced by suspending Fe(NO3)3 and MoO2(C5H5O2)2
together with alumina nanoparticles as support material in methanol. Sonication
for several hours ensures a good homogeneity of the solution. A silicon substrate is
lithographically patterned with holes (0.5× 0.5μm2) in the PMMA, as described in
the following section. The catalyst solution is dripped onto the masked substrate
and the solvent is evaporated at 150◦C. The subsequent removal of the PMMA mask
is performed in heated acetone (∼ 50◦C) while sonicating at low power for 30 s and
results in catalyst islands at defined positions.
For carbon nanotube growth, the substrate with the patterned catalyst islands
is then heated in a tube furnace in an argon flow of 1.52 l/min. When the growth
temperature is reached, the argon flow is replaced by methane (0.52 l/min) and
hydrogen (0.70 l/min) for 10min, during which the nanotube growth takes place.
The number of walls of the nanotubes was found to depend on the final growth
temperature [Spudat09]. For the samples in this work a temperature ∼ 920 ◦C was
chosen, for which the process results mainly in single-walled and few double-walled
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Figure 3.3: (a) Atomic force micrograph of several nanotubes grown from one catalyst
island on a prepatterned Si substrate. (b) Schematics of the individual steps of electron
beam lithography. An undercut is formed after exposing and developing the PMMA
bilayer. This avoids a coating of the sidewalls upon metal evaporation.
carbon nanotubes. After growth, the sample is cooled down to room temperature
under argon flow. Typically, several nanotubes grow from each catalyst island,
as shown in the AFM image in Fig. 3.3a. Diameters of individual nanotubes as
determined from height profiles of the AFM images vary roughly between 1 nm and
2 nm.
3.2.2 Electron beam lithography
Patterning of microstructures usually involves several lithography processes, i. e. ei-
ther photolithography or electron beam lithography (EBL). The main advantage of
EBL over photolithography is the possibility to write nanometer-sized structures,
because it is not limited by the diffraction limit of light. Moreover, it offers the flex-
ibility to write individually designed contact patterns for particular devices, which
is crucial, since the carbon nanotubes grow in random directions. For patterning
the samples in this work, only EBL was used.
For an EBL process, a beam of electrons is scanned across the sample which is
covered with a resist. The result is a pattern with regions of exposed resist which
are subsequently removed in a developing process. The remaining resist acts as a
mask for the following step, which can be metal evaporation, catalyst deposition or
an etching process. At last, a lift-off process in acetone removes the remaining resist
together with the spare metal on top of it.
As resist, we use the polymer polymethylmethacrylate (PMMA) diluted in ethyl
lactate. PMMA is available with different molecular weights of the polymer and
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Figure 3.4: Sample pattern at the end of the fabrication process. (a) Complete sample
with contacts. Eight similar cells are patterned. (b) Zoom into one cell labelled A1 with
bonding pads and coarse contact lines in dark blue. Alignment markers for the electron
beam are light blue. Each cell contains several catalyst islands. (c) Region of the fine
contacts individually designed for each nanotube. The nanotubes are located by AFM
imaging relative to the red AFM markers.
different solids content in the solvent. A lower molecular weight leads to a higher
sensitivity to electron exposure, and with an identical incident dose the structures
will be broader after developing. By this means, a so-called undercut can be formed,
if a bilayer PMMA is used with a bottom layer containing the lower molecular
weight polymer. This avoids a coating of the sidewalls during metal evaporation
and facilitates the subsequent lift-off process (see Fig. 3.3b).
In our case, the bottom layer consists of PMMA with a molecular weight of
200K (AR-P 649.04 from Allresist GmbH) while the top layer consists of 950K
PMMA (AR-P 679.02). Both PMMA layers are spin-coated onto the substrate with
3000 rpm for 60 s and baked for 15min at 180◦C. For the bottom layer with 4% solid
content, this leads to a thickness of 180 nm, while the top layer is 100 nm thick (2%
solid content). The exposed PMMA is developed for 120 s (AR 600-55 from Allresist
GmbH) and the developing process is stopped by isopropanol.
The most important parameters for EBL are the current, which correlates to
the beam size, the beam step size, the dose and the acceleration voltage. While
the acceleration voltage is kept constant at 50 keV, the other parameters have to
be varied according to the structure size and the desired resolution. Dose tests
were carried out with metal test structures of different sizes and the resulting ideal
parameters are given in Appendix B in Tab. B.2.
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Figure 3.5: (a)Atomic force micrograph of a carbon nanotube device with contacts and
a side gate (5 nm Ti/60 nm Au). (b) Photograph of a sample containing two cells glued
into a chip carrier and wire bonded. (Picture taken by B. Ku¨pper.)
3.2.3 Process steps
Starting from a highly doped Si substrate (10×10mm2) with a thermal SiO2 layer of
200 nm thickness on both sides, the markers (5 nm Ti/60 nm Pt) are patterned in a
first EBL step. As shown in Fig. 3.4, the sample consists of eight cells with alignment
markers and markers for AFM imaging. A second EBL step is made for patterning
the catalyst islands within the AFM field. After the CVD growth process, the
carbon nanotubes are located by AFM. Subsequently, contacts are patterned with
a third electron beam step. Bonding pads and coarse contact lines are similar in
each cell (see Fig. 3.4b), whereas the fine contacts within an area of 80× 80μm2 are
individually designed as in Fig. 3.4c. Typically, contacts consist of a thin adhesion
layer of 2-5 nm Ti with the actual contact material on top (60 nm Au), as is the
case for the device shown in Fig. 3.5a. The contacted CNT devices are glued into
a chip carrier and wire bonded (see Fig. 3.5b). The highly doped Si substrate acts
as a back gate and is contacted by scratching through the SiO2 layer on top and
connecting the doped Si with the bonded inside of the chip carrier by silver epoxy.
3.3 TERS on a contacted carbon nanotube rope
The following sections present Raman spectra of a contacted carbon nanotube rope
obtained in the TERS setup described in section 3.1. An AFM image in Fig. 3.6a
shows the device, where source and drain electrodes (5 nm Ti/60 nm Au) are pat-
terned onto the nanotubes with a separation of 360 nm. The height image in Fig. 3.6b
shows a height of ∼7 nm, suggesting that the device consists of a nanotube rope
rather than an individual nanotube. Next to the contacted region, one or more
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Figure 3.6: (a) Atomic force micrograph of the CNT rope with Au contacts taken in
tapping mode AFM with a Si tip (amplitude signal). (b) Atomic force micrograph of the
CNT rope next to one of the contacts taken in contact mode with a gold-coated Si3N4
tip (height signal). Raman spectra are taken at the three different positions labelled by
arrows.
nanotubes of the rope branch off, further evidencing that we most likely do not
deal with a single multiwalled carbon nanotube. The same device is used for low-
temperature transport measurements presented in chapter 6 and chapter 7.
3.3.1 Signal enhancement due to a metal tip
Before taking a Raman spectrum, first a topographic image is taken by scanning
the AFM tip across the surface in contact mode (see Fig. 3.6b). Having the spatial
and the height information about the sample, the AFM tip is kept at a distance
of ∼1 nm above the sample surface at the position of interest as indicated in the
figure and Raman spectra are obtained. The lateral resolution of ∼50 - 70 nm is de-
termined by the tip apex. The diameter of the enhanced light field is similar to the
diameter of the tip apex providing the local character of the measurement technique.
A theory developed for the near-field Raman enhancement in one-dimensional sys-
tems predicts that the signal enhancement caused by the presence of a gold tip is
inversely proportional to the 10th power of the tip-sample distance [Canc¸ado09b].
Experimentally, the enhancement decays to zero if the distance of the tip reaches
∼10 - 15 nm [Roth06, Canc¸ado09b]. Because it was not possible to obtain a carbon
nanotube signal with the tip located in between the two contacts, TERS spectra
were taken in the close vicinity of one of them (see Fig. 3.6). Here, the height of the
rope is measured to be the same as in between the two contacts (∼ 7 nm), ensuring
that the rope does not undergo significant structural changes and that any Raman
signal obtained originates from contacted nanotubes. The local character of TERS
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Figure 3.7: Near-field and confocal far-field Raman spectra at position 1 as marked in
Fig. 3.6b with an excitation energy of 2.33 eV. The substrate peaks (Si) and the CNT-
related Raman modes (RBM, D, G−, G+, D∗) are labelled.
also excludes that one of the nanotubes branching off before the contacted region
can possibly interfere with the Raman signal from the rope.
Figure 3.7 shows the confocal far-field and the near-field signal of the contacted
rope at position 1, as marked in Fig. 3.6b, for an excitation energy of 2.33 eV. For the
confocal far-field spectra, the tip is retracted from the sample. The far-field spectra
exclusively show peaks of the Si substrate with no Raman mode characteristic for
nanotubes at the given experimental conditions (laser power and integration time).
On the other hand, the near-field signal clearly shows CNT-related phonons for two
different excitation energies (see Fig. 3.8 and Fig. 3.10 in section 3.3.2). Generally,
the signal enhancement is measured as the ratio between enhanced near-field signal
and far-field signal. TERS spectra obtained at the same experimental setup on non-
contacted carbon nanotube bundles showed CNT Raman modes in far-field and in
near-field configuration and total enhancement factors of 103 – 104 were measured
[Peica10]. A very weak nanotube signal without tip-enhancement has been reported
[Yano06], however a reason for the complete vanishing in our case remains unclear.
One possibility is a quenching of the modes due to the contacts on top of the rope
and hence a too low intensity of the modes to be observable within the noise. On
the other hand, confocal Raman measurements on contacted CNTs are reported
[Oron-Carl05, Rintala09, Frielinghaus11]2, where a signal of individual nanotubes
was obtained without tip enhancement. Most likely, a nanotube signal could be
obtained by increasing the integration time or tuning the incident laser energy closer
to the resonance energy for a particular nanotube.
2Here, [Oron-Carl05] and [Rintala09] present data of carbon nanotubes on substrate, whereas
we obtained Raman spectra of contacted, freestanding carbon nanotubes[Frielinghaus11].
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Figure 3.8: Confocal far-field
and near-field TERS spectra
measured at position 1 of the
CNT rope for 1.96 eV (red) and
2.33 eV (green) excitation en-
ergy. The signal from the Si
substrate (at 302 and 325 cm−1)
and artefacts from the cut-off of
the spectrometer (at 248 cm−1)
in the red spectrum are fitted
in blue. RBMs originating from
different CNTs are fitted with
a Lorentzian lineprofile and la-
belled ωRi , where i is the CNT
index.
The most prominent mode in Fig. 3.7 is the high energy mode (HEM) between
1500 and 1600 cm−1 consisting of two parts: the G− and the G+ peak at lower and
higher Raman shifts, respectively. The defect-induced D peak at 1333 cm−1 exhibits
a rather high intensity, atypical for CVD-grown carbon nanotubes. Usually, a D/G
ratio below 0.1 is observed for our as-grown CVD nanotubes [Spudat08]. This high
intensity may be induced by a signal enhancement, which can be selectively higher
for individual modes [Peica10]. On the other hand, it hints at an increased defect
density, possibly induced by extensive transport measurements and temperature
cycles which the sample was subjected to. Radial breathing modes (RBMs) arise
next to the Si substrate peaks at frequencies between 200 and 300 cm−1. For the
identification of individual strands within the rope, we focus on the two diameter-
dependent modes, i. e. the RBM and the G− mode, as discussed in section 2.3.2.
3.3.2 Identifying individual strands of the nanotube rope
In Fig. 3.8 two RBMs at frequencies ωR6 = 260 cm
−1 and ωR4 = 285 cm
−1 can be ob-
served using an excitation energy of 1.96 eV. At an excitation energy of 2.33 eV three
different RBM frequencies (ωR3 = 245 cm
−1, ωR1 = 262 cm
−1 and ωR2 = 272 cm
−1) are
found. None of the modes is found at both excitation energies, indicating a clear
resonance effect present also in tip-enhanced Raman spectroscopy.
As mentioned earlier in section 2.3.2, the diameter dependence of the RBM fre-
quency (see Eq. 2.15) is strongly associated with environmental effects leading to a
change in the parameters A and B. Figure 3.9 gives an overview of the spread of
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Figure 3.9: Comparison of
CNT diameters evaluated by
taking different parameters A
and B for the diameter depen-
dence of the RBM frequency
(see Eq. 2.15). The numbers
mark the CNT index i. The
specific parameters for each ref-
erence are given in Tab. A.1 in
Appendix A.
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the diameters obtained for the observed RBM frequencies taking different literature
values. The smallest diameters are obtained taking parameters by Bandow et al.
found for nanotube ropes grown by the laser ablation method [Bandow98]. These
values differ by ∼ 0.09 nm from the maximal ones evaluated taking parameters by
Jorio et al. found for individual CNTs on a Si/SiO2 substrate [Jorio01a]. For the
(n,m) indexing of the nanotubes in the rope later on (see section 3.3.3), diameters
in the intermediate range (0.81. . .0.95 nm) obtained with parameters from [Telg04]
are taken. These are given in Tab. 3.1, including a systematic error of ±0.01 nm due
to the spectrometer resolution of ±2 cm−1. The used parameters A = 215 cm−1nm
and B = 18 cm−1 are obtained from SDS-wrapped nanotubes in solution [Telg04].
Although these sample conditions are in contrast to the situation of unwrapped
nanotubes on a substrate here, a comprehensive study of the Raman spectra includ-
ing a chiral-index assignment of more than 50 chiral indices [Telg04, Maultzsch05]
provides a reliable basis for the evaluation of the Raman data here.
Figure 3.10 shows the Raman spectra of the nanotube rope device in the HEM
region. At both excitation energies, a splitting into a G+ part and a G− part
is observable, where the red spectrum shows an additional splitting into several
G− peaks at different frequencies. Additionally, both spectra exhibit a peak at
1610 cm−1, which involves two scattering events and is defect-induced similar to the
D peak. In contrast to the D peak, the D′ peak at the observed energy involves
intravalley scattering with small phonon wavevectors [Pimenta07].
According to the calculations of Piscanec et al. [Piscanec07] the two HEM peaks
are ascribed to the transverse optical (TO) or the longitudinal optical (LO) phonon
depending on the metallicity of the nanotube (see the discussion in section 2.3.2). In
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TERS spectra measured at
position 1 of the CNT rope
for two excitation energies.
A splitting of the HEM in
a G+ (blue) and a G− part
is observed. G− peaks orig-
inating from different CNTs
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lineprofile and labelled ωGi ,
where i is the CNT index.
The defect-induced D′ peak at
∼1610 cm−1 (grey) is labelled.
the case of semiconducting nanotubes, the G− peak is assigned to the TO phonon
and the G+ peak to the LO phonon, whereas in the case of metallic nanotubes
this assignment is opposite: the G− peak originates from the LO phonon, while the
G+ peak originates from the TO phonon. In both cases the G− peaks exhibit a
reasonable decrease of frequency with decreasing CNT diameter, whereas the G+
peak is substantially diameter independent [Piscanec07, Jorio02b, Paillet06]. Due
to a strong coupling between the LO phonon and electronic excitations in metallic
nanotubes, the Raman line of the LO phonon is downshifted and broadened. Here,
we will use this broad linewidth as a fingerprint to distinguish the Raman signal of
metallic and semiconducting nanotubes. However, it has been shown, that the peak
width for metallic CNTs can vary significantly as a function of the chiral structure
due to a variable electron-phonon coupling [Wu07] (see the discussion in section
2.3.2). Thus, a narrow G− peak alone does not necessarily indicate a semiconducting
CNT.
In order to deduce nanotube diameters from the frequencies of the observed G−
peaks, the metallicity of the particular nanotube has to be extracted. Considering
the linewidth of the G− peaks, we ascribe ωG3 in the spectrum at 2.33 eV to a metallic
nanotube (σ = 102 cm−1), and the three modes of the red spectrum (ωG7 , ω
G
4 and ω
G
5 )
tentatively to semiconducting nanotubes (σ = 16 . . . 30 cm−1). The corresponding
diameters of the CNTs are then extracted from the diameter dependence of the G−
frequency according to Piscanec et al. in Fig. 3.11 (d3 = 0.95 nm, d4 = 0.82 nm,
dsc5 = 1.03 nm, d7 = 0.62 nm; see also Tab. 3.1). For CNT5, a diameter of 1.03 nm
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Figure 3.11: Diameter
dependence of the HEM for
metallic and semiconduct-
ing CNTs [Piscanec07]. Ob-
served HEM frequencies are
plotted and the diameter
corresponding to the G−
peaks is extracted with a
systematic error from the
spectral resolution. For
ωG5 an alternative diameter
evaluation is drawn (see sec-
tion 3.3.3 for details). The
diameter estimation for ωG7
is indicated in grey.
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is found assuming the nanotube to be semiconducting. However, in section 3.3.3
it will be shown that this diameter of a semiconducting CNT is not compatible
with a chiral index assignment. Thus, an alternative diameter dm5 = 1.26 nm is
evaluated considering the nanotube to be metallic. The lowest G− peak ωG7 happens
to be beyond the calculated range. An estimate of the respective CNT diameter
(≈ 0.62 nm ± 0.07 nm) can be made, taking into account the experimental extension
of the plot [Telg09] (see Fig. 2.12 in section 2.3.2).
For completion, the locations of the G+ peaks are plotted in Fig. 3.11. Due to
the very weak diameter dependence of this mode, the observed peaks are likely to
be a superposition of several different CNTs within the rope. Hence, no information
about the diameters of the CNTs can be gained from this mode.
Comparing the diameters evaluated from both diameter dependent Raman modes
in Tab. 3.1, only for CNT3 and CNT4 both modes can be observed. The RBM
corresponding to ωG5 in the red spectrum is predicted at frequencies below the cut-off
frequency of the spectrometer in the setup for both diameter assignments and thus
not observable (227 cm−1 for d5 = 1.03 nm; 189 cm−1 for d5 = 1.26 nm). The RBM
of CNT7 (∼376 cm−1) is expected in the region of the broad Si peak and therefore
is most likely hidden. Additionally, a low intensity compared to the Si signal is
expected for this RBM with regard to the intensity of the respective G− mode ωG7 .
The two missing G− peaks of CNT1 and CNT2 in the green spectrum are
expected at similar Raman shifts (∼1530 cm−1 and ∼1527 cm−1, respectively) close
to ωG3 and with a broad linewidth due to the metallic character of these CNTs
(evaluated in section 3.3.3). Considering these linewidths, the Lorentzian fits are
not able to resolve the individual G− modes of the different diameters. Accordingly,
the G− mode of CNT6 (expected at ∼1548 cm−1) could easily be hidden by the
several G− modes observed in the red spectrum.
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i ωRi (cm
−1) ωGi (cm
−1) di (nm) (2n+m) (n,m)
1 262 – 0.88 21 (8, 5) (9, 3)
2 272 – 0.85 21 (9, 3) (10, 1)
3 245 1537 0.95 24 (12, 0) (11, 2) (10, 4)
4 285 1541 0.81/0.82 19, 20 (8, 4) (9, 2) (7, 5)
5 – 1556 1.26 30 (13, 4) (12, 6) (11, 8)
6 260 – 0.89 20, 23 (7, 6) (11, 1)
7 – 1520 0.62±0.07 16 (7, 2) (6, 4)
Table 3.1: All nanotubes (index i) with the observed frequencies for the RBM (ωRi ) and
the G− mode (ωGi ). Evaluated diameters di are given. Nanotube branches are assigned
and possible chiral indices (n,m) are given.
In summary, we find Raman modes corresponding to seven nanotubes with differ-
ent diameters that exclude the possibility of one thick multiwalled nanotube, consid-
ering a diameter difference of 0.68 nm for nanotubes enclosing each other [Kiang98].
Solely from the AFM image, which is in many cases the only characterization of
a transport device, the device could misleadingly be assumed to consist of a sin-
gle multiwalled nanotube. The possibility of double-walled carbon nanotubes being
present within the rope has to be considered, especially with the assumption that
ωG5 originates from a metallic nanotube, which then could be the outer shell of a
double-walled nanotube enclosing CNT7.
3.3.3 Chiral index assignment
The Raman spectra in Fig. 3.8 and Fig. 3.10 obviously reveal modes of different
carbon nanotubes depending on the excitation energy. For varying positions on
the rope, the Raman shifts of the modes are reproducible (see section 3.3.4), which
excludes a drift of the tip as reason for the distinct spectra. Instead, this indicates
that a resonance effect is involved also for tip-enhanced Raman spectroscopy, which
has not been considered to play a crucial role so far. In the following, we will ascribe
the nanotubes that we identified by our analysis of the diameter dependent Raman
modes to branches in the Kataura plot and make a tentative chiral index (n,m)
assignment considering a resonance effect. An overview of the assignments is given
in Tab. 3.1.
The Kataura plot in Fig. 3.12 shows optical transition energies E
M/S
ii (open and
solid circles) for (n,m) nanotubes as function of their diameter, calculated in the
framework of a non-orthogonal tight-binding model [Popov04]. Excitonic effects and
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Figure 3.12: Kataura plot. Optical transition energies E
M/S
ii as function of the diameter
of (n,m) nanotubes [Popov04]. Solid circles denote metallic nanotubes, open circles denote
semiconducting ones. Solid lines connect nanotubes belonging to one branch index b =
(2n +m) = const given by the numbers. Experimental data points are indicated by the
CNT index i. For specific (n,m) values see Fig. A.1 in Appendix A.
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electron correlations are taken into account by rigidly shifting the calculated values
by 0.32 eV [Popov04, Maultzsch05]. The evaluated nanotube diameters are drawn
at the respective excitation energies. The typical width of the resonance window
for RBMs in nanotube ropes is ≈ 120meV [Fantini04], while it is ≈ 250meV for
the HEM [Telg09], as known from resonant Raman scattering. Up to now, the
influence of the tip enhancement on the resonance window is unknown. Yano et
al. reported on the possibility to detect nonresonant CNTs without tuning the
excitation wavelength to the resonant condition [Yano06]. The resonance window
could be strongly affected by the near-field effect. Additionally, a mode can be
enhanced by several orders of magnitude in TERS, albeit being excited at the very
edge of the resonance window. Hence, we assume large errors for our data points on
the y-axis for Eii (± the according resonance width). The errors for the nanotube
diameters are extracted considering the spectrometer resolution. An estimate of
the error in the diameters due to the chosen parameters of the RBM formula in
Appendix A reveals that this does not substantially change the following family
assignment.
Indexing the observed nanotube modes, an additional redshift of the optical
transition energies for nanotube ropes has to be considered. Raman experiments
[O’Connell04, De´barre08, Michel09, Fouquet09] and Rayleigh experiments [Wang06]
carried out on individual and bundled nanotubes showed that the interaction be-
tween the nanotubes bundled in ropes redshifts the transition energies between
50meV and 160meV. A redshift of transition energies has been predicted by ab
initio calculations [Reich02b] and can be attributed to a mutual dielectric screening
of the nanotubes in a rope [Wang06]. How this screening would affect the transition
energies of nanotubes enclosing each other, e. g. in a DWNT, is not known, but
expected to lead to a further redshift [Michel09].
The modes observed for 2.33 eV excitation energy can be clearly assigned to a
specific branch. Considering a redshift of the transition energies, CNT1 and CNT2
can unambiguously be assigned to the ”21”-branch ((2n + m) = 21). Possible
chiral indices for CNT1 are (8, 5) and (9, 3) and for CNT2 the chiral indices (9, 3)
and (10, 1) are likely. Note that (9, 3) can not be simultaneously assigned to both
nanotubes due to their different Raman shifts of the RBM. For a better clarity
of the plot, the specific chiral indices are not marked here. These can be found
in Fig. A.1 in Appendix A. In the case of the metallic CNT3, the ”21”-branch
can be excluded, because for the only candidate, the (7, 7) armchair nanotube, the
LO phonon is forbidden by symmetry [Damnjanovic´99, Reich04]. Thus a G− mode
would not be observable. Instead, we assign CNT3 to the adjacent ”24”-branch,
where three chiral indices are possible considering the mentioned redshift.
The assignment of CNT4 to one specific branch is not possible, although both
of its modes are observed at 1.96 eV excitation energy. However, considering the
redshifted transition energies, we tentatively assign the nanotube to the ”20”-branch,
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rather than to the ”19”-branch. Out of the ”20”-branch (9, 2) or (8, 4) are candidates
for CNT4, while (7, 5) out of the ”19”-branch cannot be excluded.
The assignment for CNT5 is more difficult. A diameter of 1.03 nm is found as-
suming ωG5 to be the TO phonon of a semiconducting nanotube. In that case, the
nanotube has to be out of the lower ES22-branch of semiconducting tubes, i. e. from
the ”23”- or the ”26”-branch. However, considering the additional redshift of ener-
gies, the intensity of the mode is higher than expected for a nanotube excited at the
edge of resonance. In principle, this could be caused by the high field enhancement
at the AFM tip. An alternative route for assigning this mode is to assume it to
be the LO phonon of a metallic nanotube despite the small linewidth of 18 cm−1 as
discussed in section 3.3.2. Assuming a metallic CNT5, its diameter is extracted to
be 1.26 nm from Fig. 3.11. This alternative diameter (labelled 5b in Fig. 3.12) hits
directly the EM11 -group of metallic tubes at the ”30”-branch. Within this branch,
the nanotubes with a large chiral angle are favourably assigned to the mode due to
their smaller electron-phonon coupling [Wu07]. This latter assignment for CNT5 is
favourable due to its clear consistency.
ωR6 originates either from a nanotube within the ”20”-branch or from one within
the neighbouring ”23”-branch ((7, 6) or (11, 1)). Only the G− mode is observed
for CNT7 and the fact that the calculations in Fig. 3.11 do not include such low
frequencies, leads to a large error for the diameter of this nanotube. Therefore,
despite the fact that the Kataura plot does not give many possibilities at such
small diameters, the assignment is difficult. Considering once more the redshift of
transition energies due to bundling, an assignment to the ”16”-branch is reasonable.
Within this branch we can again exclude the (8, 0) nanotube for symmetry reasons3
[Damnjanovic´99, Reich04]. The (7, 2) and the (6, 4) nanotube remain as possible
assignments. However, a previously observed TO phonon frequency at a Raman
shift 6 cm−1 higher than the one here has been assigned to the same nanotubes (see
Fig. 2.12 in section 2.3.2) [Telg05]. This discrepancy in the G− frequency may be due
to different environments (SDS-wrapped HiPCO nanotubes in solution [Telg05] in
contrast to CVD-grown nanotubes on Si/SiO2 substrate here). This interpretation
is consistent with the weakened electron-phonon coupling for nanotubes enclosed by
a surfactant [Telg05, Telg09] mentioned in section 2.3.2.
In summary, we assigned each of the carbon nanotube strands a nanotube branch
index and chiral indices within the Kataura plot, assuming a broad resonance effect
for the near-field spectra. We found four metallic and three semiconducting na-
notubes. For all carbon nanotubes, the optical transition energies are consistently
found to be redshifted due to interactions of the strands in the rope. Additionally,
the diameters suggest that the largest metallic nanotube could incorporate one of
the semiconducting nanotubes and form a double-walled carbon nanotube. The
3The TO phonon for zigzag nanotubes (n, 0) is forbidden by symmetry.
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Figure 3.13: (a) G− modes excited at 1.96 eV for three different tip positions marked
in Fig. 3.6. The spectra are normalized to the G+ mode and offset for clarity. Lorentzian
fits for the different modes are plotted shaded. The HEM spectrum at position 3 appears
left-shifted by ∼2 cm−1 due to the instrumental resolution. (b) G−/G+ intensity ratios
(integrated areas) for the respective Raman modes at different tip positions.
classification of the nanotubes into families and branches is a prerequisite to initiate
theoretical transport modeling coming from the atomistic side.
3.3.4 Monitoring structural changes of the rope
Exploiting the local character of TERS, it is possible to gain spatial information
about the rope. Within an AFM window of 600 × 600 nm2, Raman spectra are
taken at three different tip positions marked in Fig. 3.6, with a constant tip height of
∼ 1 nm above the rope surface. Figure 3.13 plots the G− modes at 1.96 eV excitation
energy at these tip positions normalized to the G+ mode.
The effect of a change in the signal enhancement is most clearly visible for the
G− modes of CNT4 and CNT5. ωG5 clearly decreases in comparison to ω
G
4 as the
tip is moved from position 1 to position 3. The plot of the intensities G−/G+ in
Fig. 3.13b shows that, while ωG5 is twice as intense as ω
G
4 at position 1, it is only
slightly larger at position 3. This observation suggests that CNT5 is vertically
winding away from the tip, while CNT4 stays at a similar distance to the tip and
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thus maintains a similar vertical position within the rope. It is difficult to interpret
the change of the signal enhancement of ωG7 in the same plot due to its low intensity.
However, the mode is clearly observable at positions 1 and 2, whereas it is almost
vanished at position 3. The plot of G−/G+ resembles a similar evolution of CNT7
compared to CNT5, which is consistent with the previous interpretation of these
two nanotubes forming a DWNT. ωR4 is expected to evolve qualitatively similar to
ωG4 since both modes originate from the same CNT. However, the increase of this
RBM is overestimated due to an increasing Si peak for different tip positions at
whose shoulder the RBM is located (spectra not shown).
For an excitation energy of 2.33 eV, only one G− mode is observed, which is
thus difficult to evaluate in terms of a spatial intensity change. Furthermore, a
comparison of relative intensities for the RBMs at this wavelength is again hampered
by the superimposed Si peak.
The signal enhancement is inversely proportional to the 10th power of the tip-
sample distance [Canc¸ado09b]. This holds selectively for each strand within the na-
notube rope. If an individual nanotube strand changes its vertical position within
the rope, this will be visible as a change in the enhancement, i. e. the intensity
measured as the integrated area of the Raman signal, specific to this one nano-
tube, assuming a constant distance of the tip to the rope surface. The selective
enhancement can be used for near-field Raman imaging [Hartschuh03, Anderson07]
and was shown to reveal the spatial diameter distribution of nanotubes within a
rope [Yano06].
Observing a clear change of signal enhancement for the modes of the individual
nanotube strands relative to each other at different tip positions, we conclude a non-
uniformity of the rope along its axis. Such a structural change of nanotube ropes
is observed by transmission electron microscopy (see section 2.1). Although this
evaluation is not performed in the region between the two contacts, it is reasonable
to assume that the rope behaves similarly there. This may lead to changing interface
properties at the two contacts for individual strands.
3.4 Conclusions
We found that the tip-enhancement and local character of TERS is crucial to obtain
Raman spectra of a contacted carbon nanotube rope. Seven individual nanotubes
are identified by their diameter-dependent phonons, the radial breathing mode and
the high energy mode, excluding the possibility of a single multiwalled nanotube.
We observe a clear resonance effect for the Raman scattering process, which is
up to now not considered in the literature on tip-enhanced carbon nanotube Raman
spectroscopy. Considering this resonance effect, we assign each of the observed nano-
tubes a nanotube branch within the Kataura plot and can narrow the possible chiral
indices therein. For all carbon nanotubes, the optical transition energies are consis-
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tently found to be redshifted due to interactions between the strands in the rope.
In order to extract the magnitude of this energy shift precisely, more information
on the resonance width for the investigated Raman modes is required. Employing
two different excitation energies, we unambiguously evidenced the important role of
the resonance effect in TERS, hence triggering the demand for TERS experiments
including tunable excitation energies in order to investigate this effect in detail.
Characterizing the individual strands of the nanotube rope, we find four metallic
and three semiconducting nanotubes and can consistently interpret two of the iden-
tified nanotubes as forming a double-walled carbon nanotube. The information on
the metallicity and chirality of the involved nanotubes gained by Raman spectros-
copy can substantially support the interpretation of the electronic transport through
the reported device.
In addition, we found that individual strands may change their vertical positions
within the rope. The local character of the employed spectroscopic method is a nec-
essary feature to ensure a correct correlation of the Raman and the transport data.
Ultimately, our results reveal TERS as being capable to detect single functional-
izing molecules connected to a carbon nanotube within a transport device, where
standard confocal Raman spectroscopy lacks the crucial local character.
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4 Single electron transport in car-
bon nanotube quantum dots
Following elementary quantum mechanics, when electrons in quantum dots are spa-
tially confined to a small region, both charge and orbital degrees of freedom become
quantized. In semiconductor quantum dots it is possible to trap individual electrons
and investigate their quantum-mechanical properties by electrical transport mea-
surements [Kouwenhoven01, Hanson07]. These devices can hold a fixed but tunable
number of electrons and hence provide a control over individual electrons.
Carbon nanotube quantum dots fall in the class of molecular quantum dots
[Dekker99, Park02, Nitzan03], which offer a variety and tunability of electrical and
magnetic properties in a bottom-up approach by chemical processing. Strong in-
teractions with the environment are peculiar to molecular quantum dots, in con-
trast to semiconductor quantum dots. Nevertheless, the physical picture explaining
the basic features in quantum transport can be adopted from semiconducting dots.
Therefore, the concepts of quantum dots and quantum transport are in the begin-
ning introduced in general using the constant interaction model. Subsequently, the
characteristics of carbon nanotube quantum dots are addressed.
In the last section of this chapter, a generic model of two parallel quantum dots
interacting with each other is introduced and studied within the framework of master
equations adapted to carbon nanotube quantum dots. This theoretical model was
developed in collaboration with M. R. Wegewijs, S. Smerat and M. Leijnse. Trans-
port calculations employing it reveal the manifestations of molecular interactions
in the stability diagram of a coupled dot system. The parallel quantum dot model
developed here forms the basis for the interpretation and evaluation of quantum
transport measurements on a carbon nanotube rope in this work.
4.1 Introduction to quantum dots
A quantum dot (QD) is a small region of material forming a quasi-zero-dimensional
system. The ”classical” material for quantum dots is a semiconductor heterostruc-
ture, where the dot is defined either vertically or laterally [Johnson92, Tarucha96,
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Ashoori96, Kouwenhoven97, Kouwenhoven01]. Quantum dots can also be fabri-
cated from semiconducting nanowires [Bjo¨rk04], or from other materials such as
metal nanoparticles [Ralph95, Petta01], superconducting materials [Ralph95], car-
bon nanotubes [Dekker99], graphene [Ponomarenko08, Stampfer08] or single mo-
lecules [Park02, Osorio07].1 In order to investigate the electronic properties, the
quantum dot is connected to leads via tunnel junctions. In such a setup, electrons
can be exchanged with the environment via the leads. Additionally, a gate electrode
is capacitively coupled to the dot, which allows for tuning its electrostatic poten-
tial. A circuit diagram representing a quantum dot connected with tunnel junctions
(tunnel resistance R and capacitance C) to source and drain and electrostatically
(Cgt) to a gate electrode is sketched in Fig. 4.1.
The low-dimensionality of quantum dots induces two predominant effects. First,
the Coulomb repulsion between electrons causes an energy cost for adding an addi-
tional electron onto the dot – the charging energy EC = e
2/C. Second, a discrete
energy spectrum arises due to the spatial confinement. This energy spectrum leads
to a behaviour similar to atoms and hence quantum dots are sometimes called ”ar-
tificial atoms” [Kastner93].
In order to observe single-electron charging effects, two requirements have to be
met. First, the charging energy of the dot has to be much larger than the thermal
fluctuations
e2/C 	 kBT. (4.1)
Second, the tunnel barriers must be sufficiently opaque, so that quantum fluctuations
do not influence the number of electrons on the dot. A condition for the minimal
tunnel resistance R of the barriers can be found by considering the Heisenberg
uncertainty ΔEΔt ∼ h. The typical time to charge or discharge a capacitance is
Δt = RC and with the requirement that ΔE 
 e2/C we obtain for the tunnel
resistance
R 	 h/e2. (4.2)
To meet these two requirements, quantum transport measurements are performed
at low temperatures and efforts are made to fabricate suitable contacts to the dot.
4.1.1 The constant interaction model
Electrical measurements of a quantum dot setup as it is sketched in Fig. 4.1 can
be understood employing a constant interaction model [Averin91, Beenakker91,
Kouwenhoven97, Kouwenhoven01]. This model is based on two assumptions:
(i) The Coulomb interactions between electrons are parameterized by a single,
constant capacitance C. This includes interactions among the electrons on the
1In addition to this listing of electronically accessible quantum dots, self-assembled quantum
dots made from e. g. CdSe or InAs/GaAs exist, which are optically accessible [Dabbousi95,
Atatu¨re06].
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dot
Figure 4.1: Circuit diagram of a quan-
tum dot connected to two leads – source
(sc) and drain (dr) – via tunnel barriers,
represented by a capacitance Csc/dr and a
tunnel resistance Rsc/dr. A gate electrode
is capacitively coupled to the dot (Cgt). A
bias voltage can be applied via Vsource and
Vdrain and the electrostatic potential on the
dot can be tuned by Vgate.
dot and also interactions between the electrons on the dot and the electrons in
the environment. The capacitance is the sum of the capacitances to all leads
C = Csc + Cdr + Cgt.
(ii) The discrete, single-particle energy spectrum, calculated for non-interacting
electrons, is unaffected by the interactions and hence does not depend on the
number of electrons on the dot.
Then, the total ground state energy U(N) of a dot with N electrons is
U(N) =
(−|e|(N −N0) +
∑
r CrVr)
2
2C
+
N∑
n=1
En(B), (4.3)
where r = sc, dr, gt denotes the leads and the gate electrode. The terms CrVr can
be changed continuously in a quantum dot setup and represent an effective induced
charge. −|e|N0 is the charge in the dot compensating the positive background charge
originating from the donors in the heterostructure of semiconducting quantum dots.
The last term is a sum over the occupied single-particle energy levels En(B), which
are specific for each quantum dot and can depend on a magnetic field. The electro-
chemical potential μdot(N) of the dot is defined as
μdot(N) ≡ U(N)− U(N − 1) = (N −N0 − 1
2
)EC − EC|e|
∑
r
CrVr + EN . (4.4)
Here, EC = e
2/C is again the charging energy and EN is the topmost filled single-
particle state for an N electron dot. While the energy in Eq. 4.3 depends quadrat-
ically on the voltages Vr, the electrochemical potential varies linearly. Let us for
the moment assume that the terms CrVr are considerably smaller for source and
drain than for gate, which is mostly the case in experiments. Then, the quantized
states of the electrochemical potential as depicted in the sketches of Fig. 4.2 can be
moved by the gate voltage while the distance between the levels remains constant.
However, deviations from the model can occur. The capacitances may depend on
49
CHAPTER 4. SINGLE ELECTRON TRANSPORT IN CNT QUANTUM DOTS
Figure 4.2: Schematic of the quantized
states of the electrochemical potential of
a quantum dot. If there is no dot chemi-
cal potential aligned within the bias win-
dow, the number of electrons on the dot is
fixed (N) and it is in Coulomb blockade.
No current can be measured. Increasing
Vgate lowers the dot chemical potentials
and when μN+1 aligns within the bias win-
dow, electrons tunnel with tunneling rates
Γsc/dr across the dot and a non-zero cur-
rent Idot is measured.
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the charge state and vary with the applied gate voltage, as it was observed for e. g.
single-molecule quantum dots [Osorio07] or carbon nanotubes [Tans98a].
The addition energy Eadd is the difference between the electrochemical potentials
of two ground states
Eadd ≡ μ(N + 1)− μ(N) = EC +Δ, (4.5)
and is independent of the number of electrons on the dot. It consists solely of the
charging energy EC and the energy spacing between two discrete quantum levels Δ.
Quantum transport measurements study the current as a function of the applied
voltages, i. e. the conductance across the quantum dot. The difference between the
source and the drain voltage defines the applied bias voltage Vbias = Vsource − Vdrain
and opens up an energy window between the electrochemical potentials of source and
drain μsc − μdr = −|e|Vbias, called the bias window. Generally, transport across the
quantum dot occurs if there are available states of the dot within the bias window.2
In the following, the transport effects occurring in quantum transport measurements
will be explained.
4.1.2 Linear transport and Coulomb blockade
In the linear response regime, the source and the drain voltage are considered to be
equal (Vsource = Vdrain) and the current is measured as function of gate voltage. In an
experiment, a very small bias voltage is applied for observing the explained effects.
If no available state is aligned within the small bias window between μsc and μdr,
as sketched in the left panel of Fig. 4.2, the number of electrons on the dot is fixed
to N and no current flows across the dot. The system is in the so-called Coulomb
blockade [van Houten92].
2This holds if co-tunneling and Kondo effects are neglected.
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According to Eq. 4.4, increasing the gate voltage Vgate lowers the dot electro-
chemical potentials, and when μN+1 is aligned within the bias window, one electron
can tunnel from the source onto the dot, increasing the number of electrons to N+1.
After it has tunneled out to the drain, another electron can tunnel across the quan-
tum dot via μN+1. Such a cycle is called single-electron tunneling or sequential
electron tunneling (SET). Tunneling rates Γsc and Γdr involved in these tunneling
events are given by the properties of the tunnel barriers between the leads and the
dot. In this regime, a non-zero conductance is measured. Increasing Vgate further
lowers μN+1 below μsc and μdr, the electron cannot tunnel to the drain any more,
and the dot is filled with one more electron. Sweeping the quantized states through
the small bias window, the dot is subsequently filled with electrons, and the con-
ductance measurement exhibits so-called Coulomb oscillations, plotted in Fig. 4.2.
According to [Beenakker91], the Coulomb oscillations are visible at temperatures
kBT < 0.3e
2/C and when tunneling occurs through one single level, the lineshape
of one conductance peak is given by
G
G0
=
ΔE
4kBT
cosh−2
(
δ
2.5kBT
)
, (4.6)
where δ = e(Cgt/C) · |VG0 − VG| measures the distance to the center of the peak (at
VG0) in units of energy. The prefactor αgt ≡ Cgt/C is the dimensionless coupling
parameter of the gate, which converts the gate voltage to an energy. Equivalent
coupling parameters αr ≡ Cr/C can be defined for source and drain. Using Eq. 4.6,
the electron temperature can be extracted from quantum transport measurements.
4.1.3 Non-linear transport – the stability diagram
Another way to measure transport via the quantum dot is by applying a higher
bias voltage. Keeping the gate voltage constant and increasing the bias voltage, the
changes in the number of available states in the bias window can be monitored by
the conductance. Whenever one additional dot level falls into the bias window, one
more transport channel opens up and the current increases (see Fig. 4.3). Therefore,
steps in Idot are observed in a bias voltage sweep, a so-called Coulomb staircase.
Varying both the gate and the bias voltage, a conductance map can be con-
structed. The conductance plotted as function of gate and bias voltage forms a
stability diagram. As sketched in Fig. 4.4, the diagram consists of diamond-shaped
regions, where the number of electrons on the dot is fixed – the Coulomb diamonds.
Outside the diamonds, the system is in the single-electron tunneling regime, where a
non-zero current is measured. From the stability diagram, the addition energy Eadd
and the gate coupling parameter αgt can be extracted from the height and the width
of the Coulomb diamonds, as indicated in Fig. 4.4. Since the charging energy is in-
dependent of N , a variation in the size of the diamonds reflects the characteristics
of the single-particle energy levels of the particular quantum dot.
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Figure 4.3: Schematic of the
quantized states of the electro-
chemical potential of a quantum
dot. At a small bias voltage (left
panel), there is no dot chemical po-
tential within the bias window and
no electrons can tunnel across the
dot. With increasing bias window,
first one tunneling channel opens
up (center panel), followed by more
channels (right panel).
In general, the two slopes forming the edges of the Coulomb diamonds are not
symmetric and depend on the dimensionless coupling parameters αr. Typically, the
electrochemical potential of only one lead, e. g., the source, is changed, while the
drain potential is kept fixed and grounded in experiments, i. e.,
Vdrain ≡ 0
Vsource = Vbias = −|e|μsc.
(4.7)
Then, displaying Idot as function of Vbias and Vgate, the slopes of the diamonds are
given as
Vbias ∝
⎧⎪⎪⎨
⎪⎪⎩
αgt
1− αscVgate source resonance
−αgt
αsc
Vgate drain resonance
(4.8)
The edge of the diamond with positive slope is the one where the dot level is aligned
with μsc and hence called source resonance. Along the diamond edge with negative
slope, the level is aligned with μdr and called drain resonance. Typically, not the
dot current, but the differential conductance dIdot/dVbias is plotted in a stability
diagram. Each change in the dot current will appear as a resonance line in the
dI/dV plot. According to Eq. 4.8, the coupling parameters αr of a quantum dot
can be extracted from its stability diagram.
Up to now, we only considered ground state (GS) energies of the quantum dot,
but transitions involving excited states of the single-particle energy spectrum can
also be observed in a stability diagram. One example is shown in Fig. 4.5. In
the inset of the figure, we plot the possible transitions involving excited states (ES).
These transitions are found as resonance lines running parallel to the diamond edges
in the SET region of the stability diagram. The energy-level spacing can be extracted
from the bias window at the meeting point of an excited state resonance line with
a diamond edge.
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Figure 4.4: Schematic stability diagram of a quantum dot. The dot current Idot is
plotted as function of the bias and the gate voltage (Vbias, Vgate). Coulomb oscillations are
observed along the purple line and a Coulomb staircase along the blue line. The stability
diagram consists of white Coulomb diamonds, where the dot is blocked for transport.
Outside the diamonds, in the single-electron tunneling (SET) regime, electrons tunnel
sequentially across the dot and a current is observable (green and orange). The distance
from Vbias = 0 to the diamond tips is the addition energy Eadd. Eadd and the gate coupling
parameter αgt also determine the width of the diamonds.
In summary, it is possible to fully characterize a quantum dot from its stabil-
ity diagram. The capacitances which couple the dot to the environment can be
determined, as well as the quantum level structure and the excited state spectrum.
4.2 Carbon nanotubes as quantum dots
Fundamental properties of carbon nanotubes have been discussed in chapter 2. Here,
we describe characteristics of carbon nanotubes when they are structured to form
quantum dots. The first quantum dots from carbon nanotubes were realized by
Bockrath et al. and Tans et al. in a rope [Bockrath97] and an individual nanotube
[Tans97], respectively. The devices are fabricated in a three-terminal configuration.
First, the nanotubes are located on the substrate by AFM imaging and subsequently,
contacts designed for particular nanotubes are fabricated on top. The usual contact
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Figure 4.5: Schematic
dIdot/dVbias diagram as
function of Vbias and Vgate.
The green and red lines
are the resonances of the
corresponding transitions
shown in the inset involving
excited states of two dif-
ferent charge states on the
quantum dot. At the posi-
tions where the lines meet
with the diamond edge, the
energy-level spacing can be
extracted.
N N+1
0
N N+1
GS
ES
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material is gold3, which forms tunnel barriers at low temperatures. This device
geometry corresponds to the schematic circuit diagram sketched in Fig. 4.1. The
separation of the two contacts and hence the length of the nanotube dot is typically
between 100 nm and 1μm. Typical addition energies are a few meV, depending on
the length of the nanotube.
The fourfold degenerate band structure of nanotubes is reflected in quantum
transport by a fourfold periodicity of the addition energy [Cobden02]. When a
quantum dot is formed, the quantization along the nanotube axis leads to a set of
equally spaced single-particle states (see Fig. 4.6a). To describe carbon nanotube
quantum dots, the constant-interaction model has been extended by additional pa-
rameters [Oreg00, Sapmaz05]. Then, the model includes the known charging energy
EC , the quantum energy-level separation Δ, the splitting δ between the two sub-
bands, the exchange energy J and the excess Coulomb energy dU , which corrects
the charging energy when a subband is doubly occupied. The fourfold degeneracy
is often observed to be lifted (δ = 0). The quantum energy-level spacing, which is
usually the largest contribution to the addition energy, can be estimated from the
length of the nanotube [Tans97]
Δ =
hvF
2L
, (4.9)
where h is the Planck constant, vF = 8.2× 105ms−1 is the Fermi velocity of carbon
nanotubes [Lemay01] and L the length of the contacted nanotube. Usually, the
exchange energy and the excess Coulomb energy are small compared to the other
energies [Sapmaz05]. For a complete analysis of the electronic spectrum, at least
two resonances involving excited states are necessary [Sapmaz05].
3Other possible materials are platinum, palladium or tungsten alloys. Ferromagnetic [Sahoo05]
and superconducting [Grove-Rasmussen09] contacts have been studied as well.
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(a)
(b)
Figure 4.6: (a) Linear dispersion
relation with equally spaced energy
levels Δ of a nanotube quantum dot.
A subband mismatch δ is included.
(b) Phonon energies of suspended
carbon nanotubes as function of the
CNT length. The RBM is length-
independent, but differs for varying
tube diameters. The bending mode
has a L−2 dependence (green) and
the stretching mode exhibits a L−1
dependence (red). The mean elec-
tronic level separation Δ is plotted
in black. (adapted from [Hu¨ttel08])
Creating tunnel barriers to the nanotube quantum dot by the resistance of the
contact is easy, but the tunnel resistance for a particular device is unpredictable and
not tunable. It varies with the particular interface properties, i. e. the coating of the
nanotube [Zhang00], and depends on the work function mismatch when Schottky
barriers are formed at the interface between a metal contact and a semiconducting
nanotube [Heinze02, Kim05]. Furthermore, this device setup lacks the possibility of
fabricating multi-dot devices, where electrons tunnel via several serial quantum dots.
Tunable quantum dots in nanotubes can be fabricated by depositing metallic gates
isolated by a dielectric layer on top of a nanotube [Mason04, Biercuk05, Sapmaz06b,
Gra¨ber06]. The top gates are used to produce localized depletion regions in the
nanotube, by which the quantum dot is defined. The voltages of the top gates tune
the transparencies of the tunnel barriers and also the electrostatic energy within the
quantum dot, comparable to the tuning of lateral semiconductor quantum dots.
As molecules, carbon nanotubes are susceptible to environmental effects and in-
teractions with their surrounding. In contrast to quantum dots formed in semicon-
ductor heterostructures, these molecular interactions can arise in quantum transport
and complicate the stability diagram of carbon nanotube quantum dots. One exam-
ple is the observation of phonon-assisted tunneling in devices where the nanotubes
are freestanding [Sapmaz06a, Leturcq09]. The origin of this tunneling effect is the
electron-phonon coupling which was already discussed with regard to Raman scat-
tering in section 2.3.2. The accessible energy in transport measurements, however,
limits the number of phonon modes that are possible to observe (see Fig. 4.6b). From
the vibrational modes discussed in section 2.3.2, only the radial breathing mode has
an energy small enough to be excited by electronic transport, which has been ob-
served by tunneling via an scanning tunneling microscopy (STM) tip [LeRoy04]. The
energy of the bending and the stretching mode of a suspended nanotube is lower
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than the RBM energy and depends on the suspended length. Both modes have been
observed in three-terminal devices [Sapmaz06a, Leturcq09, Hu¨ttel09b, Hu¨ttel09a].
This example illustrates that the carbon nanotube stability diagram can become
very complex due to the molecular character of the system. The previous chapter 3
concentrated on the vibrational properties of a rope of carbon nanotubes and probed
molecular interactions using Raman spectroscopy. Similar interactions may arise in
quantum transport of the rope and are the subject of the following section, where a
model of interacting parallel quantum dots is developed and employed in transport
calculations using master equations.
4.3 Model of interacting parallel quantum dots
4.3.1 Master equation modeling
The current through a quantum dot system can be calculated using a master equa-
tion model employing the constant interaction picture. The following general de-
scription of the model Hamiltonian and the master equation approach for the cal-
culation of single electron transport follows closely the presentation by Bruus and
Flensberg in [Bruus04] and is also reported in [Smerat11]. It is not yet specified to
a particular quantum dot setup.
The model Hamiltonian
The Hamiltonian describing the whole quantum dot setup can be written as
H = HL +HR +HD +HT , (4.10)
where HL/R denotes the left lead (source) and the right lead (drain) Hamiltonian,
respectively. HD is the dot Hamiltonian, a many-body Hamiltonian containing
the specific properties of the quantum dot system, which has to be diagonalized.
HT = HTL+HTR is the tunnel Hamiltonian consisting of tunneling to/from the left
lead (HTL) and to/from the right lead (HTR). HTL is given by:
HTL =
∑
νL,νD
(tL,νL,νDc
†
νL
cνD + t
∗
L,νL,νD
c†νDcνL). (4.11)
Here c
(†)
νL annihilates (creates) an electron in the state |νL〉 in the left lead and c(†)νD
annihilates (creates) one in the state |νD〉 on the dot. tL,νL,νD is the corresponding
tunnel matrix element from the dot to the lead and t∗L,νL,νD is the one from the lead
to the dot. HTR is defined correspondingly. The left lead Hamiltonian is defined as
HL =
∑
νL
Lc
†
νL
cνL , (4.12)
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where L is the energy of the state |νL〉. The right lead Hamiltonian is defined
correspondingly.
The master equations of single electron transport
The goal of the calculations is to find the probability P (α) for the general state |α〉 in
which the system resides. In equilibrium, the probability is given by the Boltzmann
distribution, whereas in non-equilibrium, the tunneling rates into all states have to
be considered. Since the tunneling rates are small (we assume sequential tunneling),
coherent processes corresponding to higher order tunneling processes are suppressed.
Hence, we can limit the calculations to the first order in the tunneling rates described
by Fermi’s Golden Rule. The rate of a tunnel event from a state |νD〉 on the dot
into a state |νL〉 in the left lead is then given by
ΓLνL←νD = 2π
∑
fνL ,iνD
|〈fνL |HTL|iνD〉|2WiνD δ(EfνL − EiνD ), (4.13)
where |iνD〉 is an initial state and |fνL〉 a final state with eigenenergies EiνD and
EfνL . WiνD is the thermal distribution function of the leads, i. e. the Fermi function.
Equation 4.13 can be specified with regard to an arbitrary quantum dot considering
single many-body states. Such calculations are beyond the scope of this thesis and
detailed information can be obtained from [Smerat11].
After determining the rates, the master equation can be formulated as
d
dt
P (νD) = −
∑
νL
ΓνL←νDP (νD) +
∑
νL
ΓνD←νLP (νL), (4.14)
where the first term on the right side describes the tunneling out of state |νD〉 and
the second term describes the tunneling into state |νD〉. This description has to be
regarded as a semi-classical equation, because the probabilities involved are classical
probabilities. For the calculation, we are only interested in the steady state of the
system, i. e., we set
d
dt
P (νD) ≡ 0. (4.15)
Under the restriction
∑
νD
P (νD) = 1, this set of linear equations is solved numeri-
cally. To do so, the tunnel matrix elements have to be put in manually and demand
reasonable estimates.
Transport calculations employing this method successfully interpreted compli-
cated stability diagrams of single-molecule quantum dots [Heersche06, Osorio07]
and carbon nanotube quantum dots [Hu¨ttel09b]. Now, the master equation mod-
eling will be used to calculate the tunneling through interacting parallel quantum
dots, as will be shown in the following section. Calculations of stability diagrams
shown in this work are performed by S. Smerat, M. Leijnse and M. R. Wegewijs.
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Figure 4.7: (a) Sketch of the transport model: Two QDs are contacted in parallel with
different gate coupling strengths. Electrons tunnel with rates Γ from the leads onto and
out of the QDs. The QDs are connected by a hybridization with an amplitude t. (b) The
hybridization of two orbitals generates a bonding and an anti-bonding eigenstate with a
gap of 2t. (c) Sketch of two overlaying diamond patterns formed by two differently gate-
coupled, parallel QDs: a strongly gate-coupled main dot and a weakly gate-coupled side
dot.
4.3.2 Transport via interacting parallel quantum dots
The calculations consider the model sketched in Fig. 4.7a, where two quantum dots
are contacted in parallel. We assume a different gate coupling strength for the two
dots. A similar model has been used by Eliasen et al. to explain the quantum
transport in a peapod device [Eliasen10]. In general, this setup leads to a stability
diagram with two overlaying patterns of Coulomb diamonds as sketched in Fig. 4.7c.
One pattern contains small diamonds originating from a quantum dot referred to
as the main dot (indexed m) from here on. Because of the weaker gate coupling of
the side dot (indexed s), the second diamond pattern contains larger diamonds (see
Eq. 4.8). The different gate couplings allow for a tunability of the parallel quantum
dots which will be discussed in detail in section 4.3.3.
The quantum dots are described within the constant interaction model extended
by the characteristics for carbon nanotubes [Oreg00, Sapmaz05] as introduced in
section 4.2. Within this model, the energy of a state on one carbon nanotube
quantum dot i is
Ei =
∑
τ,l,σ
lτn
i
τ,l,σ + E
i
C(N
i)2 + dU
∑
τ,l
niτ l↑n
i
τ l↓ + J
∑
τ,τ ′
N iτ↑N
i
τ ′↓, (4.16)
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side
dot
main
dot
Figure 4.8: Circuit diagram repre-
senting the parallel quantum dots and
their interactions by which they are
characterized. A tunnel barrier (con-
sisting of a capacitance Cisc/dr and a
resistance Risc/dr) connects dot i to the
leads. A capacitive coupling to the
back gate is denoted by Cigt and the
capacitive coupling between the dots
by Cms. Additionally, tunneling be-
tween the two dots is denoted by the
hybridization amplitude t.
where l denotes the states on subband τ = A,B and σ =↑, ↓ is the spin index. niτ,l,σ
is the number of electrons on the nanotube in state l on subband τ with spin σ. The
orbital energy is
lτ =
{
l ·Δ τ = A
l ·Δ+ δ τ = B , (4.17)
where Δ is the quantum energy level spacing and δ is the subband mismatch. EiC
is the charging energy and N i =
∑
τ,l,σ nτ,l,σ is the total number of electrons.
Each dot contributes an energy according to Eq. 4.16 to the energy in a system
of two parallel, but non-interacting quantum dots:
E = Em + Es. (4.18)
Following the experimental situation, calculations are performed according to an
asymmetrically applied bias voltage, i. e., the drain electrode is grounded and the
full bias voltage is applied to the source electrode (see Eq. 4.7). The electrochemical
potential μiν for adding an electron to orbital ν on dot i depends on the specific,
initial many-body state of the system given in Eq. 4.16, and always depends linearly
on the voltages:
μiν ∝ −|e|αiscVbias − |e|αigtVgate, (4.19)
where αisc,gt = C
i
sc,gt/C
i is the capacitive coupling strength of dot i to the source and
the gate electrode and C i is the capacitance of the dot according to the constant
interaction model (cf. section 4.1.1). This term describing the bias and gate voltage
dependence of the energy of a state adds to the energy given in Eq. 4.18.
A capacitive coupling between the two dots is introduced to the model via a
charging term Umsnsτ,l,σn
m
τ,l,σ added to the energy in Eq. 4.18. This leads to an
additional energy contribution for any state which has electrons on both the main
dot and the side dot.
The model is additionally extended to account for a finite hybridization integral
t between many-body states of the two dots, thus allowing electrons to hop between
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the quantum dots. The phenomenon of hybridization is well-known in molecular
physics, where atomic orbitals hybridize to form molecular orbitals. A hybridization
of states is introduced as off-diagonal matrix elements in the Hamiltonian:
H =
⎛
⎜⎜⎜⎜⎜⎜⎝
. . .
Ej(Vbias, Vgate) · · · tjk
...
. . .
...
tjk · · · Ek(Vbias, Vgate)
. . .
⎞
⎟⎟⎟⎟⎟⎟⎠
. (4.20)
Here Ej(Vbias, Vgate) and Ek(Vbias, Vgate) hybridize with the hybridization amplitude
tjk. When two hybridizing states are in resonance, a bonding and an anti-bonding
state is created with an energy gap of 2t, which is sketched in Fig. 4.7b. As a result of
the differential gating effect, Ej(Vbias, Vgate) and Ek(Vbias, Vgate) depend differently on
Vbias and Vgate, thus allowing us to tune the energies into resonance (see section 4.3.3).
The circuit diagram in Fig. 4.8 sketches how the parallel quantum dots interact
with the environment. It shows the setup of two parallel quantum dots connected
to source and drain leads via a tunnel barrier represented by a capacitance C isc/dr
and a resistance Risc/dr, where only the capacitance plays a role for the coupling.
C isc/dr together with the capacitive coupling to the back gate C
i
gt define the slopes
of the diamond patterns in the stability diagram (see Eq. 4.8). The effect of the
additional interactions, the capacitive inter-dot coupling via the capacitance Cms
and the tunnel coupling via the hybridization amplitude t, will be shown by the
following transport calculations.
A stability diagram calculated according to our model is shown in Fig. 4.9. A
Coulomb diamond originating from the main dot is visible. A secondary resonance
with a small slope crosses the Coulomb blocked region as part of the second diamond
pattern originating from the side dot. When two resonance lines originating from
different dots but with the same sign of the slope, meet within the stability diagram,
the energy levels are aligned with one of the leads (cf. section 4.1.3) and at reso-
nance with each other. Then, anticrossings with a gap between a bonding and an
anti-bonding state appear, if the hybridization amplitude is significant compared to
thermal and tunnel broadening. The calculations include only thermal broadening,
while tunnel broadening is neglected. If the hybridization were negligible compared
to thermal and tunnel broadening, the conduction lines should show a crossing at the
diamond edges, as observed for molecules contacted in parallel [Osorio07, Osorio10].
The impact of the capacitive coupling between the two dots through the inter-
dot charging energy Ums is also visible in Fig. 4.9. With each Coulomb diamond,
proceeding in the positive Vgate direction, the main dot is charged with an additional
electron. This leads to a discrete change in the electrostatic potential on the side
dot and thus to a voltage offset in the stability diagram, as can be seen in Fig. 4.9.
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4.3.3 The differential gating effect
Although the parallel configuration of two quantum dots differs substantially from
the serial one, an analogy can be drawn. For a serial double quantum dot system,
usually a conductance map is plotted versus two gate voltages, which couple differ-
ently to the dots. The result is a honeycomb pattern of specific charge states on the
quantum dot system.
In our case, we have only one gate electrode acting on both dots, yet with a
different coupling strength. We can use the conductance map plotted versus the bias
and the gate voltage to specify charge states on the parallel quantum dot system
within the Coulomb diamond patterns, as it is sketched in Fig. 4.10. In the sketch,
we consider only ground states and neglect all couplings between the two quantum
dots. We want to stress here that this is considered to be a high-bias measurement
where the charge states are not equilibrium electron numbers on the quantum dots
in contrast to the honeycomb conductance map.
Starting in the |N,M〉 configuration with a fixed number of electrons on either
dot at a given bias voltage, the gate voltage can be changed so that the main dot
diamond edge is crossed and one electron can tunnel via the main dot (|N +1,M〉).
Increasing the bias voltage instead of the gate voltage starting from the |N,M〉 con-
figuration, will allow tunneling of an electron via the side dot as soon as the bias
voltage crosses the secondary resonance (side dot diamond edge). From either con-
figuration with one additional electron on the parallel dot system, the voltages can
be adjusted to drive the system into a configuration with one electron on each dot
(|N + 1,M + 1〉). Hence, charges can be added selectively to the parallel quantum
dots due to the differential gating effect by adjusting the gate and bias voltages. This
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Figure 4.10: Sketch of the conductance map for a strongly gate coupled main dot m (red
diamonds) and a weakly gate coupled side dot s (green secondary resonance). The charge
states |m, s〉 are indicated, where only those in blue denote equilibrium electron numbers.
The level alignment is depicted for particular charge states.
allows for tuning to different configurations of the quantum dot system, including
the configurations where states on the dots are at resonance and the hybridiza-
tion properties can be investigated. Thus, employing differential gating, quantum
transport can be used as a spectroscopic tool to probe the interactions between the
parallel quantum dots.
4.4 Conclusions
This chapter addressed the physics of quantum dots and in particular of carbon
nanotube quantum dots. The constant interaction model forms the basis for un-
derstanding the stability diagram obtained in quantum transport measurements.
Within the framework of master equations, a model was developed containing two
quantum dots which are contacted in parallel. Assuming one dot – the side dot –
being weakly gate-coupled, the stability diagram shows a Coulomb diamond pattern
originating from the main dot and secondary resonances as part of a second diamond
pattern originating from the side dot. To account for the molecular nature of carbon
nanotubes, the model includes two different kinds of interaction between the parallel
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quantum dots, a capacitive coupling and a tunnel coupling. The manifestations of
these interactions in the calculated stability diagrams are not peculiar to carbon na-
notubes, but can readily be transferred to any kind of molecular quantum dots. The
differential gating effect inherent to our model allows for tuning to particular dot
configurations and in that manner probing the molecular interactions by quantum
transport spectroscopy.
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5 Electronic setup for
quantum transport
measurements
The observation of single electron tunneling in the electron transport through quan-
tum dot devices requires an elaborate electronic setup built in a cryostat, necessary
for device cooling. The dot currents depend on the particular tunneling rates of
the device and usually demand a current noise level of less than a few picoamperes.
Complex noise filtering techniques and an appropriate implementation of voltage
sources and sourcemeters are crucial in order to obtain these noise levels.
This chapter describes the setup for electronic measurements of quantum dot
devices cooled in a dilution refrigerator, which was improved within the framework
of this thesis for the measurements of single electron tunneling shown in chapter 6
and chapter 7.
5.1 Electrical characterization at room tempera-
ture
At room temperature, carbon nanotubes exhibit either metallic or semiconducting
behaviour depending on their chirality. For characterizing the contacted nanotubes
at room temperature, an electrical probe station has been set up within this work.
The lithographically patterned bonding pads can be contacted via tungsten probes
with a 7μm tip radius, which are part of a Su¨ss MicroTec DC probe analyzer (EP6).
The prober is enclosed within a shielding to reduce external noise coupling into the
system and is connected to the sourcemeters (Keithley 2400, Keithley 2420) via
triaxial cables. Two probes are connected as source and drain electrodes to apply a
bias voltage and measure the current. Additionally, a gate voltage can be applied
with a third probe. In this manner, bias and gate voltage sweeps can be performed,
which characterize the nanotube devices before cooling down. The noise level of the
system is ∼ 0.2 nA without any noise filtering implemented.
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Figure 5.1: (a) Phase diagram of a 3He-4He mixture [Pobell96]. Below T ≈ 870mK, the
mixture separates in a 3He-rich (orange) and a 3He-dilute (yellow) phase. (b) Schematic
drawing of the 3He pump cycle in a dilution refrigerator. Blue denotes liquid 4He.
5.2 Low-temperature electrical transport setup
For the observation of quantized charge tunneling, the device has to be cooled down
to low temperatures (see section 4.1). Generally, Coulomb blockade in carbon nano-
tubes can be observed from∼4K downwards. However, in order to resolve individual
energy levels, especially excited states, a lower temperature is necessary. A dilution
refrigerator provides temperatures in the millikelvin range. In the following, the
low-temperature transport setup will be discussed, which was employed and further
developed to obtain quantum transport measurements.
5.2.1 Device cooling
The refrigeration process of a dilution refrigerator uses a mixture of 4He and 3He.1
The mixture of these two isotopes of He undergoes a spontaneous phase separa-
tion below T ≈ 870mK into a 3He-rich phase and a 3He-poor phase (the dilute
1An elaborate discussion about dilution refrigerators can be found in [Pobell96].
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phase, hence the name dilution refrigerator), as can be seen in the phase diagram
in Fig. 5.1a. The mixture is condensed in the mixing chamber of a dilution refrig-
erator and 3He is continuously removed from the 3He-poor phase by pumping (see
Fig. 5.1b). Consequently, 3He atoms are forced to cross the phase boundary and
move from the 3He-rich into the dilute phase, because this phase contains a minimum
amount of 3He (6.6%) even at absolute zero temperature. This process is endother-
mal and hence cools the system. Typically, base temperatures of Tb = 8 − 10mK
can be achieved.
A distinct pumping of 3He from the dilute phase is performed in the still at
∼600mK and is possible, because of a higher vapour pressure for 3He in comparison
to 4He. Proceeding in the cycle, the vapour phase 3He, which has been pumped from
the still, is cooled to ∼1.5K at the so-called 1K pot and passes a flow impedance,
where a sufficient pressure is established to condense it again. The liquified 3He flows
through two more heat exchangers to be precooled to a low enough temperature,
before it enters the mixing chamber again in the 3He-rich phase.
We use a Minikelvin 126-TOF dilution refrigerator (MNK126-700) from Leiden
Cryogenics B.V. with a cooling power of 700μW at 120mK.2 The base tempera-
ture is ∼30mK with the coldfinger (containing filters and samples) attached to the
mixing chamber. For operation, the components of the dilution refrigerator are sur-
rounded by two radiation shields enclosed within the inner vacuum chamber (IVC)
at a pressure ∼ 10−5mbar. The whole insert resides in a liquid 4He bath. Super-
conducting coils surrounding the sample chamber allow for applying magnetic fields
up to 12T.
5.2.2 Measurement electronics and filtering
A typical measurement of a quantum dot device involves applying a bias voltage at
the source/drain contacts and a voltage to one or more gate contacts while mea-
suring the current across the device (see section 4.1). The electrical diagram of the
setup is drawn in Fig. 5.2. In our case, the bias voltage is applied asymmetrically,
i. e. the drain electrode is grounded and the full bias voltage is applied to the source
electrode. We use an QT-IVVI-rack designed at the Delft University of Technol-
ogy, containing optical digital-to-analog converters (DACs), a voltage source and a
current-to-voltage (IV) converter. The whole electronic setup at the sample side is
battery-powered and decoupled from external noise by using optical isolation in the
voltage source (source side) as well as in the IV converter (drain side). This way,
the sample is galvanically isolated from the environment.
All voltages used in the experiment are generated at the DAC box. The polarity
of the DACs is set manually to one of three settings (negative: −4V. . .0V; bipolar:
−2V. . .+ 2V; positive: 0V. . . + 4V). DAC values are set via an optical fiber link,
2The cooling power can be adjusted by heating the still.
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Figure 5.2: Electrical circuit for measurements in the dilution refrigerator. Voltages are
applied to the gate electrodes, and a voltage-biased current measurement is performed.
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Figure 5.3: (a) Current through
a carbon nanotube quantum dot
with high noise level. A signal
is only obtained with high Vbias.
(b) Similar measurement on the
same device with improved elec-
tronic setup. Coulomb oscilla-
tions are visible at low Vbias.
which is connected to the user computer. The isolation amplifier of the voltage
source offers several conversion factors (0.1. . .100mV/V) for the bias voltage to
be applied at the source. At the drain side of the sample, the current passing
through the device is converted to a voltage via a low bandwidth IV converter
with an adjustable feedback resistance of Rf = 1MΩ . . .1GΩ. The amplifier gain
A is chosen to be 103, setting the input resistance fixed, but dependent on Rf
to Rin = Rf/A. The isolation amplifier does not amplify the signal further, but
only decouples the sample optically from the measurement devices. The converted
voltage is then measured via a digital voltmeter, that is read out by a computer.
The general ground is defined at the coldfinger to avoid ground loops as a noise
source. Also, the entire dilution refrigerator is electrically disconnected from any
other possible ground definition by using plastic pump line connections.
Although the sample is at a base temperature of around 30mK, the electron
temperature in the device is usually higher. Mostly, the electrons are cooled via the
DC wires, which are connected to the source and drain contacts. These wires are
thermally anchored at several temperature stages (1K pot, still, 50mK plate, mixing
chamber). However, the electrons are heated by the noise, that couples in via the
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Figure 5.4: Current through a carbon
nanotube quantum dot dot as a function
of Vgate at Vbias = 0.15mV. The electron
temperature Te is obtained by a fit of the
Coulomb peak according to Eq. 4.6.
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DC wires. In order to suppress this noise, several filtering stages are introduced as
drawn in Fig. 5.2.
All wires are equally filtered with three types of filters and can be connected
to source/drain contacts or gate contacts. Starting at room temperature, the low-
frequency noise is removed by an RC-filter with a cut-off at 1 kHz and Pi-filters
block noise in the medium-frequency range of 10-100MHz. Additional Pi-filters are
mounted at the coldfinger with an attenuation of 14 dB at 10MHz and 55 dB at
100MHz.
At last, there are ”home-made” Cu-powder filters mounted at the coldfinger.
These consist of ∼3m wire, wound around a rod of hardened epoxy mixed with
copper powder. This rod is integrated in a copper tube, which is filled with more
copper powder/epoxy mixture, thus embedding the wire in uniformly distributed
copper powder. Via eddy currents, the high-frequency noise is absorbed in the pow-
der. In literature, an attenuation of -90 dBm at 7GHz can be found [Lukashenko08].
However, the preparation of these filters is complicated and the reported attenua-
tion levels are difficult to obtain. The major difficulty is to achieve a homogeneous
distribution of the copper powder within the epoxy.
Figure 5.3 compares the dot current of the same carbon nanotube quantum dot
device for different cooling cycles with changes in the electronic setup. The device
geometry is similar to the one shown in Fig. 5.2 where the gate voltage is applied
via a side gate. The noise level in Fig. 5.3a is ∼20 pA high and does not allow for
the measurement of Coulomb oscillations at a small bias voltage. Measurements
with the improved electronic setup containing the filtering components as described
above exhibits a noise level of ∼4 pA and Coulomb oscillations can be observed at
Vbias = 0.4mV. From the Coulomb oscillations, the electron temperature Te can be
extracted according to Eq. 4.6. The electron temperature of the electronic setup
in the measurements shown in Fig. 5.3b is ∼ 830mK.3 By a further improvement
of the Cu-powder filters, the electron temperature could be lowered to ∼ 600mK
3at Vbias = 0.1mV
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(see Fig. 5.4). Although, this is not yet at the desired level, stability diagrams
presented in chapter 6 show Coulomb diamonds which close at zero bias voltage and
also excited states can be observed as signatures of size quantization.
To further lower the electron temperature, the difficulties in the fabrication of the
Cu-powder filters have to be overcome. A different route of making metal powder
filters bypasses the issue of an inhomogeneous metal powder by using silver epoxy,
which is commercially available with optimized distribution properties. The recent
preparation of silver epoxy filters to be implemented into the setup follows a recipe
established by C. Scheller at the University of Basel. Silver rods are fabricated
from the silver epoxy EPO-TEK R© E4110 (Epoxy Technology). Subsequently, 3m
of wire are wound around the rod (3 triple-layer coils in series) during which silver
epoxy is continuously deposited around the wire. MCX connectors are soldered to
each end. Figure 5.5 compares the attenuation of high frequencies of Cu-powder
filters with Ag-epoxy filters. The Ag-epoxy filters reach an attenuation of -50 dBm
at 110MHz, while the Cu-powder filters reach the same attenuation at 650MHz.
The Ag-epoxy filters also perform better at very high frequencies above 6GHz. A
second advantage of the silver epoxy is its special application for cryogenic cooling,
which is expected to lower the electron temperature significantly (Te = 28±2.5mK
have been measured at the University of Basel).
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6 Interacting parallel quantum
dots in a carbon nanotube rope
The ultimate goal in nanotechnology is the fabrication of an electronic device con-
taining a single molecule. The major issue on the way is the assembly of the mole-
cule between two contacts. Sophisticated fabrication techniques [Park99, Ghosh05,
Guo06, Guo09] cannot yet prevent an accidental contacting of more than one mole-
cule in parallel [Osorio07, Osorio10]. Molecules are prone to environmental effects
and hence also very sensitive to adjacent molecules. Resulting molecular interac-
tions can influence the electronic transport substantially and require a better un-
derstanding. However, these interactions also offer interesting effects, as predicted
in chapter 4, which may be exploited for the functionality of a device.
This chapter presents low-temperature transport measurements on a carbon na-
notube device consisting of several nanotubes bundled together to form a rope.
A detailed characterization of the device using Raman spectroscopy in chapter 3,
showed that it consists of at least seven nanotubes of different diameters, metallic-
ity and chiralities. Therefore, it represents an ideal system of various molecules to
probe molecular interactions. In the beginning, it will be shown that the individual
strands of the rope form several parallel quantum dots interacting with each other.
Employing the model developed in chapter 4, the molecular interactions between
the carbon nanotube strands can be probed by quantum transport spectroscopy
exploiting the differential gating effect, which clearly arises in the experiments.
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6.1. PARALLEL CARBON NANOTUBE QUANTUM DOTS
6.1 Parallel carbon nanotube quantum dots
In order to study molecular interactions between carbon nanotubes, we performed
low-temperature transport measurements on the carbon nanotube rope device in-
troduced in chapter 3. Source and drain electrodes (5 nm Ti/60 nm Au) are pat-
terned onto the nanotube rope with a separation of 360 nm and the highly doped
Si substrate acts as a back gate. At room temperature, the device shows metallic
behavior with a resistance of 290 kΩ and exhibits no gate dependence in the range
of Vgate = ±2V. Low-temperature transport properties were measured in a dilution
refrigerator at a base temperature Tb ≈30mK as described in chapter 5.
In a differential conductance plot in Fig. 6.1, Coulomb diamonds are observed
as typical signatures of Coulomb blockade and show the subsequent addition of
electrons to a quantum dot formed in the rope. The Coulomb diamonds close at
zero bias voltage and excited states of the quantum dot are observed as resonances
starting at the diamond edges, implying size quantization (see close-up in Fig. 6.2).
Within a gate voltage region of −2.4 . . .+1.3V, approximately one hundred charge
states are observed showing that the quantum dot is stable over a wide range. The
addition energy for the dot varies between 1.4 and 2.4meV, but no regular pattern
of shell-filling, like the fourfold pattern typical for individual single-walled CNTs
[Cobden02, Liang02, Sapmaz05], is found.
In the close-up in Fig. 6.2, additional conductance peaks appear within the re-
gion of Coulomb blockade (black arrows) and also in the single electron tunneling
(SET) regime (blue arrow). These secondary resonances exhibit a weak gate voltage
dependence (small slope) and do not appear symmetrically at positive and nega-
tive bias voltage. The ones at negative bias voltage are clearly visible within the
Coulomb diamonds, whereas those at positive bias voltage are more difficult to dis-
tinguish. A high resolution measurement of the same charge states in Fig. 6.3 shows
both secondary resonances more distinctly.
The resonances exhibit identical characteristic features to those found in the
transport calculations of Fig. 4.9 originating from the interactions between parallel
quantum dots. To analyze these characteristics in detail, we concentrate on the
resonances appearing at negative bias voltage, which exhibit a small positive slope.
First, the conductance of the resonances is enhanced at the meeting points with a
main resonance of the Coulomb diamonds. At these meeting points an anticrossing is
observed that leads to a gap at the diamond edge. The conductance of the secondary
resonance decreases when tuning the gate voltage away from the anticrossing. An
identical picture of the conductance is found in the transport calculations at the
anticrossing of two resonances due to the hybridization of states on the side dot
and the main dot. A second pronounced feature is the jump of the position of the
secondary resonances in bias voltage when proceeding from the (N − 1) to the N
diamond, indicated in Fig. 6.3 by dashed lines. It was found in section 4.3 that such
75
CHAPTER 6. INTERACTING QUANTUM DOTS IN A CNT ROPE
-2
-1
0
1
2
V
bi
as
 (m
V
)
-1.90 -1.85 -1.80
Vgate(V)
0.06
0.04
0.02
0
NN-1 N+1
N-2
Figure 6.2: Close-up of several Coulomb diamonds in Fig. 6.1. Excited states are indi-
cated by white arrows. Black and blue arrows indicate the onset of secondary resonances
passing through the Coulomb blocked regions and in the SET regime.
an abrupt energy shift can be modeled by a capacitive coupling of two quantum
dots.
Having devised the main features of the secondary resonance at negative bias
voltage, the differences to the one at positive bias voltage become apparent. Their
positions are not symmetric around zero bias voltage, but the lower one is positioned
at Vbias = −0.4meV while the other appears at Vbias = +0.8meV. The latter one
exhibits a negative slope and the conductance at the meeting points with the main
resonance is much less enhanced than before, while it almost disappears moving away
from the anticrossing. However, the gap of the anticrossing leading to the missing
diamond edge at Vbias > +0.8mV is clearly observable, evidencing the existence of
the secondary resonance. Furthermore, the magnitude of the voltage jump of the
secondary resonance between subsequent diamonds is larger than the one before.
Inelastic cotunneling [Averin90, De Franceschi01], which is a coherent tunneling
process, cannot explain the combination of these features considering excitations of
only a single quantum dot. Coherent tunneling processes can appear in the stability
diagram, when the tunnel coupling becomes large enough, so that processes involving
more than one tunneling event come into play. Cotunneling involves the tunneling of
one electron onto the dot while simultaneously another electron tunnels off the dot.
In contrast to elastic cotunneling, the energy state of the dot is changed by inelastic
cotunneling. Then, a resonance line is visible in the Coulomb-blockade region at
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positive and negative bias voltages, which are equal to the excitation energy. A
possible gate dependence of inelastic cotunneling lines has been reported in carbon
nanotube quantum dots [Holm08]. However, these always appear symmetrically
at positive and negative bias voltages and can therefore not explain the features
observed in the device.
Instead, the data indicate that several coupled quantum dots are formed in
the rope and contacted in parallel, giving rise to the different resonances in the
stability diagram, according to the model developed in section 4.3. The pattern of
Coulomb diamonds is ascribed to a main dot formed on one strand and the secondary
resonances at negative and positive bias voltage originate from two different side dots
formed on different strands of the rope. In contrast to serial double quantum dots
[Mason04, Sapmaz06b, Gra¨ber06], transport through the parallel configuration is
possible even if one of the dots is in Coulomb blockade resulting in closing diamonds
at Vbias = 0mV as it is observed for the main dot in the nanotube rope device. The
distinct coupling between strands of the rope gives rise to the distinct appearance
of the secondary resonances in the stability diagram.
Comparing the calculation in Fig. 4.9 with the measurement in Fig. 6.3, the
major difference is that a generally higher differential conductance is observed in the
experiment. This may have three reasons. First, the resonances in the calculations
are only thermally broadened while tunnel broadening is neglected. Second, the
particular calculation shown in the Figure includes only one orbital for each dot,
while the experiment shows excited states of the main dot which are not in all
cases clearly observable, but are broadened. Finally, the calculations account for
only one side dot, hence one secondary resonance, whereas the measurement clearly
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distinguishes more than one. In Fig. 6.2, a secondary resonance with negative slope,
which was not discussed in detail up to now, is marked at the tips of the diamonds
(blue arrow). As we will show in the next section, this resonance originates from
yet another side dot.
6.2 Quantum transport spectroscopy of carbon
nanotube interactions
In the previous section, we found secondary resonances originating from at least two
side dots contacted in parallel to the main dot on the nanotube rope. Based on the
measurement of∼100 charge states of the main dot in Fig. 6.1 we will in the following
evaluate how many side dots can be found on the rope and how these interact with
the main dot. The diamond pattern of the main dot shows an overall fluctuation
or beating. These fluctuations appear due to the secondary resonances passing the
Coulomb blocked regions and thus blurring the diamond tips. Nevertheless, the
diamonds are regular in the sense that the coupling parameters to the leads and the
gate are constant over the whole range. According to Eq. 4.8, the parameters are
αgt = 0.05, αsc = 0.36 and αdr = 0.59.
For a characterization of the side dots, one would like to determine their coupling
parameters from the size of the Coulomb diamonds. However, no complete side dot
diamond can be found in the measurements, but always only one slope of it. This
is due to an asymmetric coupling of the side dot to the contacts. In the case of a
very weak gate coupling, a strong source/drain coupling involves a considerable tilt
of the Coulomb diamonds, which leads to one diamond slope being very steep. This
slope can hardly be observed within the main diamonds. For αsc ≈ 1/2, the dot is
equally coupled to both contacts (Csc ≈ Cdr) and the diamond appears symmetric,
as sketched in Fig. 6.4a. Assuming the same gate coupling, but a strong source
coupling αsc 	 1/2, the positive diamond slope is much larger than the negative
according to Eq. 4.8, and the diamond appears tilted (dotted diamond in Fig. 6.4a).
For a strong drain coupling (αsc 
 1/2), the positive slope is much smaller than the
negative and the diamond tilts into the other direction (dashed diamond).
In order to obtain an estimate for the couplings of the side dots, we construct the
size of the side dot diamonds from the secondary resonances as sketched in Fig. 6.4b.
For this we make two assumptions:
(i) The addition energy is assumed to be equal to the main dot (1.8meV). This
is a well-justified assumption, since the quantum dots are very similar: The
contacts are at the same separations for all CNTs, which defines the charging
energy.
(ii) The missing slope of the side dot diamonds is assumed to be the same as for the
main dot, because in this case it is hidden in the main dot diamond pattern. If
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Figure 6.4: (a) Sketch of the effect of different source and drain couplings on the shape
of the Coulomb diamonds. (b) Constructed Coulomb diamonds for one of the side dots
matching the position of the secondary resonance in the Nth diamond. Dashed lines
indicate the positions in the two adjacent Coulomb diamonds.
it was smaller, it would be observable as a resonance in the diamond pattern.
An evaluation with steeper slopes up to completely vertical did not change the
results significantly.
The exact position in Vgate of the side dot diamonds remains undetermined,
because the voltage offset due to the capacitive inter-dot coupling masks this infor-
mation. In Fig. 6.4b, a Vgate position is chosen matching the secondary resonance at
negative bias voltage in the Nth diamond. In principle, the corresponding diamond
edge at positive bias voltage, as drawn in the figure, should also be observable as
secondary resonance. However, we never observe this in our measurements. A pos-
sible reason for this is an interaction with the other side dots. This can shift the
secondary resonances additionally and lead to a complex stability diagram difficult
to predict with our model, because it takes into account only two parallel dots.
A different approach to construct the side dot diamonds of a parallel quantum
dot setup has been reported by Eliasen et al. [Eliasen10]. The authors claim that
a side dot is formed by a chain of fullerenes inside a carbon nanotube, which forms
the main dot. They draw the Vbias position of the anticrossings in the various
main dot diamonds and construct the side dot diamond edges from these positions.
However, this approach neglects the influence of the capacitive inter-dot coupling
and consequently results in a distorted estimate for the slope of the diamonds, which
should in fact be the slope of the secondary resonance itself.
Having now established a route to estimate the side dot Coulomb diamonds, we
have in total four parameters by which the side dots can be distinguished:
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• Source or drain coupling (αssc, αsdr): By observing a negative or a positive slope
of the secondary resonance, its coupling to one of the leads can be evaluated.
• Gate coupling (αgt): The magnitude of the slope leads to the coupling strength
to the back gate via the construction of the Coulomb diamonds.
• Hybridization (t): The magnitude of the gap between the bonding and the
anti-bonding state at the anticrossings is given by the strength of the tunnel
coupling between the side dot and the main dot.
• Inter-dot charging energy (Ums): The capacitive inter-dot coupling between
the side dot and the main dot determines the shift of the secondary resonances
between adjacent Coulomb diamonds.
These are the parameters, by which the interactions of the quantum dots between
each other and with the electronic environment are described. Figures 6.5a-d show
close-ups for all secondary resonances observed within the gate voltage range of
Fig. 6.1. In the following, the coupling parameters of the side dots are evaluated
from these and summarized in Tab. 6.1.
In Fig. 6.5a, a secondary resonance is observable, which crosses the main dot
diamonds unperturbed as a straight line with a small positive slope. Therefore,
the side dot 1 causing these secondary resonances is strongly coupled to the drain.
The back gate coupling of this side dot is extremely small and a comparison of
the diamond patterns sketched in Fig. 6.5e illustrates that, while approximately 50
electrons are added to the main dot, only one electron can be charged onto side
dot 1 with the same gate voltage. The absence of a voltage offset means that this
side dot is not capacitively coupled to the main dot. Although a slightly enhanced
conductance can be observed at the meeting points of the secondary resonance with
the diamond edge, no gap or anticrossing can be identified, which leads us to the
conclusion, that these two dots are also not tunnel coupled. Therefore, the main dot
and side dot 1 exhibit no interaction, which could be probed by quantum transport.
The secondary resonance of side dot 2 in Fig. 6.5b again has a positive slope
(drain coupling), but it does not pass straight through all the diamonds. It exhibits
a voltage offset between subsequent diamonds, indicating a capacitive coupling of
the side dot 2 and the main dot, which is found to be Ums2 = 0.225meV. However,
no conductance enhancement or anticrossing can be observed and therefore, the
two dots are not tunnel coupled. In addition to the side dot 2, more secondary
resonances are visible at negative bias voltages. These are found to have the same
properties as the secondary resonances in Fig. 6.5c and are hence ascribed to side
dot 3.
The secondary resonances in Fig. 6.5c exhibit the same positive slope as side
dot 1. However, a small voltage offset (Ums3 ≈ 0.075meV) indicates a capacitive
coupling, which leads one to the conclusion that it originates from a different side
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indicate their position and energy offset. They are ascribed to side dots 1 to 6, whose
coupling parameters and interaction properties are given in Tab. 6.1. Note the multiplied
conductance at positive Vbias in panel (d). (e) Sketch of all side dot diamonds according
to the example in Fig. 6.4. The size and tilt of the diamonds is drawn to scale.
81
CHAPTER 6. INTERACTING QUANTUM DOTS IN A CNT ROPE
dot 3. Additionally, there is a clearly enhanced conductance at the meeting points of
the resonance lines. From this enhancement, coming along with curved resonances,
we conclude that the resonances exhibit an anticrossing. However, the measurement
resolution does not allow for an estimate of the magnitude of the tunnel coupling
t3. The differences in the interaction parameters of side dot 1 and side dot 3 are
not very pronounced and it cannot be ruled out that the resonances originate from
the same side dot. The capacitive coupling between two dots should in general not
depend on the charge state of main dot, but the tunnel coupling to a side dot state
may change for different states of the main dot.
The anticrossings in Fig. 6.5d are more clearly visible, which is the region shown
previously in Fig. 6.2 and Fig. 6.3, where several secondary resonances are present
within a small region of gate voltage. Three different resonances can be found, all
of them exhibiting a strong interaction with the main dot. The one at the tips of
the main dot diamonds at negative bias voltages originates from a source coupled
side dot 4 (negative slope). Like for side dot 3, a hybridization with the main dot
can be argued from the obvious conductance enhancement, but again t4 cannot
be extracted from the anticrossings due to the limited resolution. The secondary
resonances at negative bias voltage with positive slope (drain coupled) exhibit the
same slope as side dot 2 and a comparable voltage offset (Ums5 = 0.2meV). However,
the resonances in this gate voltage region do show a hybridization t5 = 0.075meV
with a clear gap at the diamond edges. Hence, we ascribe the resonances to a
different side dot 5. Again, it cannot be ruled out completely that the resonances
originate from the same side dot, because the hybridization of side dot states may
change for different states of the main dot. For the last side dot 6, a rather strong
gate coupling in comparison to the other side dots is found and a comparatively steep
negative slope indicates only a slightly stronger coupling to the source electrode.
Also the largest hybridization amplitude (t6 = 0.1meV) and inter-dot charging
energy (Ums6 = 0.4meV) are extracted.
In total, we find a maximum number of six side dots in a region of approximately
100 charge states of the main dot, which can be distinguished by their interactions.
In our measurements, the main dot exhibits a gate coupling αmgt = 0.05 and a source
coupling αmsc = 0.36. This gate coupling is roughly one order of magnitude higher
than the one that the weakly gate coupled side dots exhibit (αsgt between 0.001 and
0.007). The main dot does not exhibit a peculiar coupling to one of the contacts,
while the side dots are either source or drain coupled, which is sketched in Fig. 6.5e.
These different contact couplings can be induced by a structural non-uniformity of
the nanotube rope. The nanotube which is lying on top of the rope at the one
contact and thus is favourably connected, may change its vertical position within
the rope and is only weakly connected at the second contact. This change of vertical
positions of the nanotube strands within the rope was confirmed by tip-enhanced
Raman spectroscopy in chapter 3.
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dot αgt αsc αdr t (meV) U
ms (meV)
main dot 0.05 0.36 0.59 – –
side dot 1 0.0011 0.0017 0.9972 0 0
side dot 2 0.0069 0.0739 0.9192 0 0.225
side dot 3 0.0011 0.0017 0.9972 = 0 0.075
side dot 4 0.0057 0.9394 0.0549 = 0 0.150
side dot 5 0.0069 0.0739 0.9192 0.075 0.200
side dot 6 0.0189 0.7648 0.2163 0.100 0.400
Table 6.1: Coupling parameters and interaction properties of the quantum dots observed
as secondary resonances in Fig. 6.1 and Fig. 6.5a-d.
The distinct interaction properties of the side dots imply information about the
nanotube strands, where the dots are formed. The closer the strand is to the one
of the main dot, the larger its interaction is expected to be. A tunnel coupling is
only expected when an overlap of the quantum dot wave functions is possible, i. e.
the strands have to be adjacent. A capacitive coupling, however, is also conceivable
if the strands are further apart from each other. In that case, its magnitude is
expected to be smaller, since the potential may be screened by another strand lying
in between. In principle, an interaction between side dots is expected additionally
to all the above mentioned couplings. However, the measurements do not allow for
an evaluation of these, although meeting points of different secondary resonances
are expected, e. g. in Fig. 6.5d.
The coupling parameters of side dot 6 are peculiar. The back gate coupling is
more than twice as large as for the rest of the side dots and the coupling to the
contacts is not particularly asymmetric. Regarding this aspect, the side dot behaves
similar to the main dot. Also concerning the dot interaction properties, side dot 6
exhibits salient parameters. It shows by far the largest interaction values, suggesting
it is formed in a strand very close to the main dot strand, which also explains the
even coupling to both electrodes. In the following, it will be shown that this side
dot is indeed behaving similar to the main dot.
6.3 Shifting the potential of the main dot states
Generally, the capacitive coupling between two parallel quantum dots does not only
affect the Coulomb diamonds of one dot. In the previous measurements, we found
it leading to a voltage offset in the secondary resonances, but it can also influence
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Figure 6.6: (a) Differential conductance plot with shifted main dot diamond (arrows).
As before, a secondary resonance of side dot 5 is observed at negative bias voltages. A
yellow line indicates the position of the secondary resonance of side dot 6. (b) Transport
calculations reproducing the shifted diamond edge above the secondary resonance. See
text for details on the tunneling rates.
the main resonances, i. e. the main dot diamonds. An additional electron on one of
the side dots changes the potential for the electrons on the main dot and a shifted
main dot diamond edge should be observable at energies higher than the secondary
resonance, i. e. in the SET regime of the side dot. Figure 6.6a shows another
measurement of the (N−1)th main dot diamond. As before in Fig. 6.3, a secondary
resonance of side dot 5 is observed at negative bias voltages. The position of the
secondary resonance of side dot 6 is marked, although the conductance is too low to
be clearly observed in this specific measurement. Remarkably, a shift of the diamond
edge can be observed close to the meeting point of the secondary resonance with
the main resonance. The effect is clearly distinguishable from jumps due to charge
rearrangements, because the rest of the data appears continuous.
Figure 6.6b shows a calculated stability diagram according to our quantum dot
model. Similar to the measurement, the diamond edge is shifted. The shift occurs
due to the additional potential caused by an electron tunneling onto the side dot,
hence the main resonance is shifted where the secondary resonance crosses (yellow
arrow). In the calculations, the shifted main dot diamond edge becomes visible
only when the tunneling rates for the side dot are assumed to be Γssc > Γ
s
dr, while
Γmsc = Γ
m
dr > Γ
s
sc is assumed for the main dot. This leads to a situation, where
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Figure 6.7: Differential
conductance plot with a
voltage offset for the main
resonance. Yellow dashed
lines indicate the positions
of the secondary resonances
of side dot 6 with a voltage
offset of Ums6 = 0.4meV.
Arrows indicate the shifted
diamond edges.
the energy level of the side dot is mainly occupied, and transport predominantly
takes place via the energy level on the main dot. Then the original diamond edge
(side dot not occupied) is suppressed, whereas the shifted diamond edge (side dot
occupied) appears enhanced. This configuration of tunneling rates also suppresses
the conductance through the side dot, hence the secondary resonance is less visible.
This is consistent with the experimentally found weak conductance of the secondary
resonance of side dot 6.
We find the magnitude of the shift of the diamond edge to be ΔV ≈ 0.2meV,
whereas Ums6 = 0.4meV was obtained by the voltage offset of the secondary reso-
nance. The discrepancy can be explained by considering the different bias couplings
of side dot 6 and the main dot. In fact, the voltage offsets due to a capacitive inter-
dot coupling and also the magnitude of the anticrossing gap depend on the bias
coupling. A large αsc will lead to a large Vbias offset, because ΔV = U
ms/(1− αsc),
where αsc is the source coupling of the dot corresponding to the shifting resonance.
The estimates in Tab. 6.1 for t and Ums are thus upper bounds, but within the right
order of magnitude. Considering the source couplings of the main dot and the side
dot 6 from Tab. 6.1, the observed shift in the diamond edge fits with an expected
shift of
ΔV m = ΔV s6
1− αs6sc
1− αmsc
= 0.15meV. (6.1)
In principle, the source coupling of the main dot is more reliable than the ones of the
side dots, because no assumptions had to be made for obtaining them. Evaluating
the capacitive inter-dot coupling from the shifted diamond edge, Umsm = 0.13meV
is obtained. Considering the smaller voltage offsets of the other side dots, a shifted
main dot diamond edge due to the charging of these is not resolved in our measure-
ments.
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Figure 6.7 plots three subsequent Coulomb diamonds where the impact of the
capacitive inter-dot coupling is observed for both the side dot and the main dot.
Arrows mark the positions where shifted diamond edges are expected. Due to the low
resolution of the measurement, the shift is not clearly resolvable, but the diamond
edges become very broad, indicating two resonances smeared out to one broad line.
The voltage offset of the secondary resonances between subsequent diamonds is
identical to the one observed earlier. The question arises, why the shifted main dot
diamond is not observable in every measurement for the same secondary resonance
passing. As stated above, a certain relation of tunneling rates is necessary for the
shift to be observed. The tunneling rates may change depending on the history
of the device. For example in between the measurement in Fig. 6.3 and the one
in Fig. 6.6a is a time span of three weeks, in which wide gate voltage scans were
performed, the device was grounded several times and it was warmed up to 4K.
Although several side dots are interacting with the main dot, only side dot 6 is
coupled strongly enough to shift the main dot resonances in energy. Nevertheless,
a regular diamond pattern can be found for the main dot over many charge states
as shown in Fig. 6.1. This one main dot amongst all the other parallel contacted
ones is dominating the tunneling effects, but which conditions lead to one dot being
so distinct from the others remains speculative. One explanation may be signifi-
cantly higher tunneling rates in comparison to the other dots due to a lower contact
resistance for the uppermost carbon nanotube. However, this picture does not com-
pletely fit with the main dot’s coupling to the back gate, which would be expected
to be smaller due to screening of other nanotubes in between. Without the thor-
ough additional characterization of the device properties by Raman spectroscopy
presented in chapter 3, the quantum transport data could easily mislead one to the
assumption of dealing with a multiwalled nanotube, where the outer shell forms the
main dot and the inner shells contribute to the transport as the side dots.
6.4 Conclusions
This chapter presented quantum transport through parallel quantum dots, formed in
different carbon nanotube strands within a rope, demonstrating a tunable quantum
device. Agreement between transport calculations employing the model of chapter 4
and the measurements confirms interacting parallel quantum dots as origin for the
observed anomalous features. Using the differential gating effect to tune the quan-
tum dot system to different configurations, we determined the magnitude of the
electronic hybridization between the states of the coupled quantum dots and their
capacitive inter-dot coupling. A thorough characterization of six observed side dots
reveals that the nanotube strands can interact to a very different extent with each
other.
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Amongst the coupled quantum dots, we also find only capacitively interacting or
completely uncoupled quantum dots within the one device. The simultaneous ob-
servation of tunnel-coupled and non tunnel-coupled parallel QDs extends previous
experiments, where either no hybridization was observed for two molecular quantum
dots in parallel [Osorio07], or an anticrossing gap was found at each meeting point
of resonances for a C60 fullerene chain inside a nanotube [Eliasen10]. In the latter
case, also a capacitive coupling was observed and the magnitude of the anticross-
ing gap and of the inter-dot charging energy compares well with the values found
for side dot 5 and side dot 6 in our case. Our results show that intertube cou-
pling effects in low-temperature transport may be larger than previously assumed
[Bockrath97, Grove-Rasmussen08] and should not be neglected when interpreting
quantum transport measurements involving carbon nanotubes.
All of the above mentioned publications on molecular quantum dots lack an
additional characterization of the devices. In contrast, the interpretation of the
results in this chapter is strongly supported by and consistent with a supplemen-
tary characterization of the same device by an independent spectroscopic technique
shown in chapter 3. There, Raman spectroscopy proved that the device consists of
a rope with several carbon nanotube strands which are the only possible origin of
the parallel quantum dots. Additionally, first signatures of interactions between the
strands were found in a shift of optical transition energies. By exploiting the spatial
resolution of the tip-enhanced Raman technique, the changing interface properties
for the individual strands have been predicted by monitoring a change of vertical
position for particular nanotubes along the rope axis.
The conclusions on molecular interactions drawn here from a system of coupled
carbon nanotubes can be transferred to other molecular systems and hence support
the interpretation of transport behaviour of single-molecule junctions.
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7 Hybridization between quantum
dot states
The model of interacting parallel quantum dots offers the possibility to investigate
the tunnel coupling between states on two different dots. The tunnel coupling, which
is an electronic hybridization of quantum dot states, is expected to contain additional
information on the involved orbitals of the dots. In principle, the overlapping wave
functions of the quantum dot states comprise the molecular orbitals of the carbon
nanotubes, where the dots are formed. Hence, quantum transport spectroscopy of
hybridized states is especially interesting for molecular quantum dots and may reveal
details about the nature of the transport properties of the molecule.
This chapter is focused on the electronic hybridization observed in the same
carbon nanotube rope device as in the previous chapter. Several interacting quantum
dots have been detected, whereas only few of them exhibit a clear hybridization.
These are the strongest coupled quantum dots, which we now investigate in more
detail. In the first part of the chapter, the sign, i. e., the phase of the hybridization
amplitude is discussed, while the second part concentrates on spin-effects in the
hybridizing states.
7.1 The hybridization phase
After identifying several coupled parallel quantum dots on the carbon nanotube
rope device in the previous chapter, we now want to focus on the two side dots
which exhibit a pronounced hybridization with main dot states, i. e. side dot 5 and
side dot 6. In the measurement of Fig. 6.3 and also in the transport calculations of
Fig. 4.9, the bonding and anti-bonding states at the anticrossings clearly contribute
very differently to the conductance. This relates to the sign of t, as will be shown
in the following. We focus on the sub-block of the full Hamiltonian of Eq. 4.20
describing the hybridization of two states |m〉, |s〉 on the main dot and the side dot,
respectively:
H =
⎛
⎝ (Vbias, Vgate) t
t −(Vbias, Vgate)
⎞
⎠ , (7.1)
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Figure 7.1: (a) Calculated sta-
bility diagrams showing anti-
crossings for opposite signs of
the hybridization integral t. The
dashed lines indicate the reso-
nance positions for the unhy-
bridized states. (b) Close-up
of the anticrossing between side
dot 5 and the main resonance.
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where the energy of the states  is taken relative to the resonance energy. We diag-
onalize the Hamiltonian for each set of applied voltages (Vbias, Vgate) in the stability
diagram and obtain the eigenenergies ±√2 + t2 for the hybridized states. Here we
call the hybridized state with the lower energy bonding |−〉 and the one with higher
energy anti-bonding |+〉. The hybridized eigenstates of the coupled QDs
|+〉 = cos θ|m〉+ sin θ|s〉
|−〉 =− sin θ|m〉+ cos θ|s〉, (7.2)
depend on the applied voltages through θ, where tan θ = (
√
2 + t2 − )/t. At reso-
nance we have by definition  = 0 and the magnitude of the gap at the anticrossing
is 2|t|.
Recalling the notation from section 4.3.1, the tunneling rates Γ±←i (abbreviated
as Γ±) from an initial state |i〉 in the leads (we assume now in the left lead) into
the bonding |−〉 or the anti-bonding |+〉 state are proportional to the corresponding
tunnel matrix elements T± (see Eq. 4.13):
Γ+ ∝ |〈+|HTL|i〉|2 = |T+|2 = T 2m cos2 θ + T 2s sin2 θ + TmTs cos θ sin θ (7.3)
Γ− ∝ |〈−|HTL|i〉|2 = |T−|2 = T 2m sin2 θ + T 2s cos2 θ − TmTs cos θ sin θ. (7.4)
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Figure 7.2: Close-up of the an-
ticrossing between side dot 6 and
the main resonance. The dashed
lines indicate the resonance posi-
tions for the unhybridized states.
Here Tm and Ts are the matrix elements for tunneling into |m〉 or |s〉, respectively,
whose sign we take to be identical since the strands form a single junction. HTL is
the tunnel Hamiltonian as defined in Eq. 4.11.
The Γ± contain an interference term with opposite sign. This term causes either
a suppression or an enhancement of the rate to the hybridized state depending on
the sign of the hybridization integral t through θ. Hence, the sign or the phase of
the hybridization t determines which tunneling rate (bonding or anti-bonding) will
be suppressed or enhanced. The interference effect at the anticrossing is due to an
interference of two bound states, both connected to the leads, and is hence distinct
from the Fano effect, where one bound state interferes with an unscattered wave.
The left (right) panel in Fig. 7.1a shows a calculated anticrossing of two hy-
bridizing states with a positive (negative) hybridization integral t, where a clearly
enhanced anti-bonding (bonding) state is visible. In both cases, the conductance
in the enhanced state exhibits an additional pronounced gate voltage dependence,
which is characteristic for the hybridization itself, and does not depend on the sign
of t. In the experiment, we find an enhanced current of the bonding state at the
anticrossing of side dot 5 in Fig. 7.1b and also for side dot 6 in Fig. 7.2. For the
side dots 3 and 4, where we concluded a finite hybridization amplitude due to the
enhanced conductance, we also observe an enhancement of the bonding state in all
cases, although the gap between the hybridized states is not clearly resolvable.
Therefore, we conclude that the nanotube strands hybridize with a negative hy-
bridization integral. A negative t denotes a positive overlap of orbital wavefunctions,
which means the concurrence of equal signs of the wavefunctions, as known for the
hopping integral in the tight-binding approximation of the formation of molecular
bonds. The envelope wavefunction of a carbon nanotube in the ground state has
s-like symmetry and the hybridization integral of two nanotubes brought into each
other’s vicinity, would thus be expected to be negative. Considering more complex
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Figure 7.3: Differential con-
ductance plot of identical
charge states as in Fig. 6.2 at
B = 10T. Dashed lines indi-
cate the faint main dot dia-
monds. Arrows indicate par-
allel secondary resonances.
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molecules as interacting quantum dots, the sign of the hybridization may depend on
the nature of the molecular orbitals. Hence, the investigation of the conductance in
the hybridized states may lead to the observation of new properties.
7.2 Spin-dependent hybridization
In order to investigate a possible influence of the spin degrees of freedom on the
hybridization within the rope, the transport spectrum was measured in a magnetic
field. Figure 7.3 presents the same charge states of the main dot at B = 10T, which
were shown in Fig. 6.2 for zero magnetic field, and reveals substantial differences.
Compared to the measurements at B = 0T, the transport through the main dot is
strongly suppressed at B = 10T, secondary resonances of side dot 5 are not visible
at negative Vbias and the secondary resonances at positive bias voltage (side dot 6)
appear as the most prominent feature. The alteration of the dominant strand for
the transport is reversible by sweeping the magnetic field. However, the mechanism
leading to the competing transport channels is unclear.
The anticrossings of the resonances again show an enhancement of the bonding
state. The energy offset, hybridization integral, and gate coupling are the same as
in zero field, evidencing that these resonances indeed originate from the same CNT
strand as the ones at B = 0T. The stability diagram shows additional resonances
involving excited states of the side dot (marked by arrows), which exhibit the same
weak gate voltage dependence and anticrossings as the initial secondary resonances.
In the following, we will discuss the origin of the different states of the side dot.
Figure 7.4a shows a zoom into the secondary resonances of Fig. 7.3 and reveals
a new appearance of this side dot. Amidst the anticrossings of the lowest secondary
resonances with the diamond edges (marked (2) and (3)), a clear crossing (marked
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Figure 7.4: (a) Close-up of the anticrossings/crossings of Fig. 7.3 at B = 10T.
(b) Schematic of the spin configurations of the non-hybridizing ground states at posi-
tion (1) and hybridizing configurations with an excited state involved at position (4).
Arrows indicate spin-split states, energetically split due to a magnetic field. (c) Schematic
stability diagram for different state configurations of the dots.
(1)) appears, when the chemical potential μs for adding an electron to the ground
state of the side dot is at resonance with the chemical potential of the main dot μm
for the ground state transition from N to N+1 electrons. This crossing reveals that
the resonant states of the coupled QD system containing in total N+1 electrons have
different quantum numbers, preventing the states from hybridizing. We propose that
the hybridization is prevented due to a different spin of the two states.
Figure 7.4b sketches the spin configurations of the coupled quantum dot system
that are involved in the crossing at position (1). Due to the magnetic field, the
spin states are split by the Zeeman energy. With the assumption that N = 11,
the diamond edge of the Nth diamond indicates tunneling of a spin-down electron
across the main dot, which is occupied by one spin-up electron (ground state).
1This is suggested by transport calculations shown in Fig. 7.5.
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Figure 7.5: Calculated
stability diagram with
N =1 according to a model
with two states on the
main dot and one on the
side dot, all of which are
additionally spin-split.
Coupling parameters are
taken from the experiment
and tunneling rates are
adjusted accordingly.
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The side dot diamond is assumed to be in the charge state M = 0 and thus the
secondary resonance with lowest energy (ground state) involves the tunneling of a
spin-up electron. These two spin configurations of the quantum dot system can not
be transferred one into the other by the hopping of one electron. Therefore, they
cannot hybridize and a crossing instead of an anticrossing is observed at the meeting
point of the resonances. On the other hand, considering the first excited state of
the main dot, the tunneling electron has spin-up and the total spin configuration of
the quantum dot setup is identical to the ground state with one spin-up electron on
each dot. Thus, these two configurations do hybridize due to the possible hopping
of one electron and an anticrossing of the two resonance lines is observed at position
(4).
In the stability diagram, the consideration of spin-split states on both quantum
dots leads to alternating crossings and anticrossings for ground states and excited
states, as it is depicted in the top panel of Fig. 7.4c. This picture matches the
observations in Fig. 7.4a. In contrast, assuming all states having identical spin
configurations (bottom panel of Fig. 7.4b), and the excited states differ only by their
orbital quantum number, no crossings are expected. Assuming that the electron
wave functions hybridize for different bands, as one expects for different CNTs, this
scenario results in four anticrossings. This is very different from what is observed
in the measurements. Therefore, we conclude that we do observe spin-split states
in Fig. 7.4a.
For the transport calculations shown in Fig. 7.5, one spin-split state is taken
into account for the side dot and two for the main dot. The tunneling rates are
adjusted according to the observation of an overall suppressed transport through
the main dot. The selective suppression of the hybridization at position (1) and the
hybridization of the ground state transitions marked (2) and (3) are reproduced very
well, assuming N = 1. Similarly, both the calculation and the measurement show
that the transition involving excited states at position (6) also exhibits a crossing,
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in contrast to the anticrossing excitations at positions (4) and (5). The agreement
of two anticrossings together with two crossings is most clearly seen at the N − 1
diamond edge with the anticrossings (2) and (5).
A guide to the measurements and calculations is sketched in the central part of
Fig. 7.6 where the positions of the crossings and anticrossings are marked again.
Above and below the guide, the spin configurations for particular positions are
sketched. The charge state of the main dot changes from zero in the N − 1 = 0
diamond to two in theN+1 = 2 diamond, while the charge state on the side dot stays
constantly M = 0. Along the resonance lines, one additional electron can tunnel
via the quantum dot system and depending on the particular spin configuration,
hopping of this electron between the two dots is possible or not, leading to anti-
crossings and crossings.
7.3 Conclusions
This chapter presented a detailed analysis of the electronic hybridization between
states on parallel carbon nanotube quantum dots. We find that the transport is
enhanced when electrons tunnel via the bonding states, which comes along with a
negative hybridization amplitude. Furthermore, this denotes the overlap of quantum
dot wavefunctions with the same sign, which is a reasonable observation considering
their s-wave like nature. However, this may not be the case for every quantum dot
system and, in principle, a positive hybridization amplitude is conceivable, e. g. in
complex molecules.
In a magnetic field, the hybridization between the many-body states is found
to be selectively suppressed by spin effects. Hence, the electronic hybridization
between parallel quantum dots can be manipulated by magnetic fields. Exploiting
the differential gating effect discussed in section 4.3.3, spin configurations which do
or do not hybridize can be accessed by tuning the gate and bias voltages. This offers
the possibility to investigate spin relaxation times of hybridized quantum dot states
in comparison to non-hybridized states.
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Figure 7.6: Center: Guide to the calculation and the measurement at B = 10T. The anti-
bonding states are drawn for completeness, although not observed in the measurement.
For each meeting position of resonance lines marked in the guide, the spin configurations
of the quantum dot system are sketched. Arrows indicate spin-split states.
96
8 Conclusions and Outlook
This thesis presents a thorough characterization of molecular interactions between
carbon nanotubes in a rope. The metallicity, diameter and chirality of the nano-
tubes incorporated in the rope are identified via vibrational modes observed by
tip-enhanced Raman spectroscopy (TERS). These characterized strands of the rope
form parallel quantum dots at low temperatures and interaction properties have been
probed by quantum transport spectroscopy. The results of quantum transport are
strongly supported by and consistent with the additional characterization by TERS
representing a novel combination of two independent experimental techniques with
great potential in the field of molecular electronics.
A clear resonance effect in tip-enhanced Raman scattering processes, not consid-
ered in literature so far, allows for the detection of seven individual nanotubes by
their diameter-dependent phonon modes and an assignment to nanotube branches
and chiralities. Besides supporting the interpretation of electronic transport phe-
nomena, Raman spectroscopy can directly probe environmental effects on the mo-
lecules. Here, the interactions between the strands induce a redshift of the optical
transition energies. Furthermore, two of the identified nanotubes can consistently be
interpreted as forming a double-walled carbon nanotube. The high spatial resolution
of the employed spectroscopic method is a crucial feature to ensure a correct correla-
tion of the two techniques. Furthermore, our results on the structural changes along
the rope prove the potential of the tip-enhanced technique to detect single function-
alizing molecules connected to a carbon nanotube within a transport device, where
standard confocal Raman spectroscopy lacks the necessary local character.
Employing master equation modeling, a model is developed describing two quan-
tum dots contacted in parallel. The model includes two different kinds of interactions
between the quantum dots: a capacitive coupling and a tunnel coupling. The man-
ifestations of these interactions in the calculated stability diagrams are not specific
to carbon nanotubes, but can be readily transferred to any kind of molecular quan-
tum dots. Energy shifts of resonances in the calculated stability diagram indicate a
capacitive coupling between quantum dots. On the other hand, a tunnel coupling,
i. e., a hybridization between states of different dots is indicated by anticrossings of
resonance lines.
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The agreement between transport calculations employing this model and the
measured quantum transport of the carbon nanotube rope confirms the formation
of interacting parallel quantum dots. The results obtained by the Raman character-
ization strongly suggest different strands of the rope as the origin of these parallel
dots. A differential gating effect inherent to our model is clearly identified in the
device and allows for tuning to particular dot configurations and in that manner
probing the molecular interactions by quantum transport spectroscopy. A thorough
characterization of the magnitude of the electronic hybridization and the capacitive
inter-dot coupling of seven parallel quantum dots reveals that the nanotube strands
can interact to a very different extent with each other. Amongst the coupled quan-
tum dots, we also find only capacitively interacting or completely uncoupled quan-
tum dots within the one device. Our results show that intertube coupling effects in
low-temperature transport may be larger than previously assumed and substantially
affect the transport through a device.
Importantly, the hybridization offers the possibility to access the orbitals of con-
tacted molecules via the quantum dot states. The sign of the hybridization ampli-
tude depends on the overlapping wave functions of the quantum dot states which, in
principal, comprise the molecular orbitals. For carbon nanotube quantum dots, we
find a negative hybridization amplitude denoting the overlap of quantum dot wave-
functions with the same sign, which is a reasonable observation considering their
s-wave like nature. The hybridization of quantum dot states offers the possibility
to detect new physical effects in complex molecules, where a deviation of the neg-
ative hybridization amplitude is conceivable. In addition, the combination of two
characterization techniques established here, offers a great potential for ropes with
only two nanotubes. Then, a direct correlation of one particular carbon nanotube
and one quantum dot can be performed, where Raman spectroscopy can determine
the atomic structure of the nanotubes and interactions between the quantum dots
are probed by quantum transport, as shown here. Calculating the coupling between
two specific carbon nanotubes employing atomistic modeling and comparing this
with the coupling of the formed parallel quantum dots may provide the link be-
tween the quantum dot orbitals and the molecular orbitals. With this knowledge,
the hybridization can be used as a direct probe for the orbitals participating in the
electronic transport of molecular devices.
The results in this thesis show that the hybridization between parallel quantum
dots can be manipulated by magnetic fields leading to a selective suppression of elec-
tron tunneling between states of different spin configurations. Again, the differential
gating effect can be exploited to tune to different dot configurations and in this case,
it allows one to selectively access different spin configurations. The identification of
spin states is a crucial prerequisite for spin relaxation experiments, where the gate
voltage is pulsed between states of different spins. In a complex system of several
interacting quantum dots like the one investigated, however, the discrimination of
states with different spin is difficult and the spin-dependent hybridization provides
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Figure 8.1: (a) Current through a device (not shown) with three top gates and two
leads. The voltage of the central gate is constant, Vbias = 0.3mV and the voltage of the
two outer top gates (TGL and TGR) is varied. The nanotube in this device is covered
with gate oxide in the complete gate region. (b) Atomic force micrograph of a carbon
nanotube quantum dot defined by two top gates (TG) to tune the tunnel barriers and one
side gate (SG) to tune the dot potential. The contacts to the nanotube are further away
and not shown. 15 nm Al2O3 gate oxide separates the nanotube from the gate metal (2 nm
Ti/50 nm Pd).
a possibility for the identification. Furthermore, the investigation of spin relaxation
times of hybridized quantum dot states in comparison to non-hybridized states, is
expected to reveal interesting phenomena.
A crucial prerequisite for such spin relaxation experiments are tunable tunnel
barriers of the quantum dots to adjust the electron tunneling rates [Fujisawa03,
Elzerman04]. The tunability can be achieved by defining the quantum dot via top
gate structures, which also allows for the design of serial multiple quantum dots
[Mason04, Biercuk05, Sapmaz06b, Gra¨ber06]. First steps towards top gate defined
quantum dots have been performed within this work and are the subject of ongoing
research.
In contrast to the fabrication of the gate oxide by thermal evaporation or atomic
layer deposition, we deposit Al2O3 on top of a carbon nanotube by pulsed laser
deposition. One fabrication route involves the complete coverage of the nanotube
in the gate region with square shaped structures of the oxide and a subsequent
patterning of contact and gate structures on top. The current as a function of
the gate voltage in Fig. 8.1a shows the good tunability of the device via the top
gates. However, charge rearrangements disturb the transport measurements. This
99
CHAPTER 8. CONCLUSIONS AND OUTLOOK
indicates the presence of various disorder potentials, probably due to the coverage
of the nanotube, inhibiting the formation of a defined quantum dot. Instead, device
structures, where the nanotube is left uncovered in the region where the quantum dot
is expected to form (see Fig. 8.1b), promise decreased disorder potentials interfering
with transport measurements. Such a device pattern for a carbon nanotube rope
offers the possibility to perform voltage pulse experiments in order to obtain spin
relaxation times in a system of coupled quantum dots connected in parallel.
For the chiral index assignment in this work, the nanotube diameters are deter-
mined via the diameter-dependent phonon modes in the Raman spectrum. Although
this leads already to only a small group of possible chiralities, one may like to nar-
row the possible chiral indices even further to one particular (n,m) index pair. This
requires more information about the effect of the tip-enhancement on the resonance
window for the investigated Raman modes. As mentioned above, knowing the exact
chiral indices is a prerequisite for the atomistic modeling of the nanotubes which
may provide the link between the quantum dot orbitals and the molecular orbitals.
Recently, interactions between the shells of a multiwalled carbon nanotube have
been found to strongly affect the energy of the particular radial breathing modes
in the Raman spectrum [Spudat10]. The experiments presented in this thesis show
the feasibility to investigate these interactions from two different physical view-
points on the same device by probing the same mode of a particular nanotube in a
three-terminal device setup using Raman spectroscopy and quantum transport mea-
surements. It has been shown that phonon excitations can be observed in quantum
transport [Sapmaz06a, Leturcq09, Hu¨ttel09b] and, in principle, the radial breath-
ing mode is in the energy range accessible with electrical transport, as shown in a
scanning tunneling microscope setup [LeRoy04].
Such a correlation of phonon modes requires an independent determination of
the atomic structure of the carbon nanotubes. This can be achieved by transmission
electron microscopy and electron diffraction, if the sample geometry is appropriate.
This involves device patterning on thin Si3N4 membranes, where the nanotubes
span across etched holes in the membrane. The feasibility of the combination of
the three experimental techniques – room temperature electronic transport, Raman
spectroscopy and transmission electron microscopy – has recently been shown by our
group [Frielinghaus11]. The upcoming experiments in low-temperature transport
using this sample geometry pursue the results of this thesis.
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A Supplementary information for Raman spec-
troscopy
Parameters for the diameter dependence of the RBM
Figure 2.10 gives borders for the diameter dependence of the radial breathing mode
(RBM) according to different parameters A and B in Eq. 2.15. Publications taken
into account for the estimate of the border are given in Tab. A.1. These parameters
are also employed for the evaluation of possible nanotube diameters in Fig. 3.9 in
section 3.3.2.
Indexing the carbon nanotubes
To follow the assignment of particular (n,m) chiral indices to carbon nanotubes
within the nanotube rope in section 3.3.3, the Kataura plot in Fig. A.1 is extended
by one specific (n,m) for each branch, which are not given in the plot in the chapter
(see Fig. 3.12). The remaining chiral indices can be calculated using Eq. 2.14.
The discussion about the chiral index assignment in section 3.3.3 includes a
large error for the resonance energy in the Kataura plot. For the diameter eval-
uation, however, only the systematic error due to the spectral resolution is taken
into account. Figure A.2 plots minimal and maximal diameters obtained from the
observed RBM frequencies, considering different values for the parameters A and B.
Although, the assignment to one specific chiral index pair (n,m) may change for a
particular nanotube, the branch index is generally maintained.
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reference sample A B
(cm−1nm) (cm−1)
[Bandow98] laser ablation 223.75 0
bundled SWNTs
[Alvarez00] solar radiationa 215 18
bundled SWNTs
[Jorio01a] CVD 248 0
isolated SWNTs on Si/SiO2
[Bachilo02] HiPCO 223.5 12.5
SWNTs SDS-wrapped in solution
[Kramberger03] annealing of peapods 233 14
inner nanotubes of DWNTs
[Fantini04] HiPCO 223 10
SWNTs SDS-wrapped in solution
semiconducting
[Fantini04] HiPCO 218 17
SWNTs SDS-wrapped in solution
metallic
[Telg04] HiPCO 215 18
SWNTs SDS/SDBS-wrapped in solution
[Jorio05] HiPCO 218.3 15.9
SWNTs SDS-wrapped in solution
[Meyer05] CVD 204 27
freestanding, individual CNTs
[Araujo08] water assisted CVD 227 0
vertical, isolated SWNTs
Table A.1: The parameters A and B for the diameter dependence of the RBM frequency
ωR = A/d + B from different references. These were used to evaluate the diameters in
Fig. 3.9. SDS = sodium dodecyl sulfate; SDBS = sodium dodecylbenzene sulfonate
a see [Guillard99] for synthesis method
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Figure A.1: Kataura plot. Optical transition energies E
M/S
ii as a function of the diameter
of (n,m) nanotubes [Popov04]. Solid circles denote metallic nanotubes, open circles denote
semiconducting ones. Solid lines indicate nanotubes belonging to one branch index b =
(2n +m) = const given by the numbers. Experimental values are indicated by the CNT
index i. For each branch one specific (n,m) value is given.
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Figure A.2: Kataura plot. Optical transition energies E
M/S
ii as a function of the diameter
of (n,m) nanotubes [Popov04]. Solid circles denote metallic nanotubes, open circles denote
semiconducting ones. Solid lines indicate nanotubes belonging to one branch index b =
(2n+m) = const given by the numbers. Experimental values obtained from the RBMs are
indicated by the CNT index i. Blue and red indicate the minimal and maximal diameters,
respectively, obtained employing different parameters A and B in Eq. 2.15. Parameters
are given in Tab. A.1.
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B SUPPLEMENTARY INFORMATION FOR THE DEVICE FABRICATION
structure size beam step size (nm) current (nA) dose (μC/cm2)
20-800μm 12.5 10 265
0.5-1.0μm 12.5 10 345
6-200μm 50 150 280
0.2-4μm 2.5 1 500
35-200 nm 2.5 1 750
Table B.2: Process parameters for electron beam writing for structures of different size
and resolution.
B Supplementary information for the device fab-
rication
For establishing the electron beam lithography (EBL) process, dose tests were car-
ried out with metal test structures of different sizes. The resulting ideal parameters
are given in Tab. B.2. Larger structures (20-800μm), which require a good preci-
sion, e. g. alignment markers, are written with a beam step size of 12.5 nm, but
require the smallest dose. Smaller marker structures such as the AFM markers with
a size of 0.5-1.0μm are written with the same resolution, but need a higher dose.
In order to save writing time, large structures which do not need a high resolution,
can be written with 50 nm beam step size. The fine contacts and gates running to
the carbon nanotube have to be precisely written with respect to each other and to
the nanotube. Hence, a small beam step size of 2.5 nm is chosen. Structure sizes
down to 200 nm require a higher dose of 500μC/cm2, and the smallest structures
possible with our process (lines with a width of 35 nm) require an even higher dose.
In all cases, the current is adjusted according to the beam step size. However, a
value for the beam size can only be estimated from the current. Roughly, a 1 nA
beam exhibits a beam size around ∼ 4 nm and 150 nA have a beam size of ∼ 50 nm.
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